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Preface 


The exoplanet revolution that began nearly three decades ago with the discovery of the first 
planet around a Sun-like star, has drastically changed our understanding of the formation 
of extra-solar systems. Today, we face an extreme diversity and complexity of these sys- 
tems that can only be understood through the intimate link that exists between the planets 
and their host stars like tides, winds, and magnetic interactions. We are now in a posi- 
tion to detect planets down to Earth analogues thanks to space-borne missions like Kepler, 
TESS, and soon PLATO, and ground-based instruments installed on large telescopes like 
ESO/HARPS, CAHA/CARMENES, and CFHT/SPIRou. The detection and characterization 
of telluric planets is one of the main challenges of modern astrophysics. The difficulty lies in 
both detecting them and characterizing their properties and atmospheric composition, while 
the planetary signal is contaminated, if not drowned into the "noise" of the stellar activity. 
In this respect, the advent of a new and exciting new generation of instruments, like the 
James Webb Space Telescope, and ground-based instruments like CRIRES+ at VLT and in a 
near future PCS or ANDES at the E-ELT, will open a new area in exoplanet study with the 
detection of possible life tracers. 

The 2019 edition of the Evry Schatzman School (EES 2019) of the CNRS/INSU French 
National Program for Stellar Physics (PNPS) was held in Aussois (France) from September 
23 to 27!. The aim of the school was to provide an overview of the new challenges re- 
lated to exoplanetary systems with lectures on the characterisation of stellar variability which 
generates some "noise" for exoplanet detection (N. Meunier, G. Bruno), on star and planet 
interactions and their interplay with tides (S. Mathis), with magnetism (A. Strugarek), and on 
the impact of stellar winds on their companions (C. Johnstone). The challenges brought by 
exoplanets require an in-depth understanding of these stellar processes that are beyond the 
standard models of stellar structure and atmospheres. Another quest for astronomers is the 
characterisation of the atmospheres of exoplanets and, hopefully, the detection of biomarkers. 
These two topics were covered during the school through lectures on the definition and condi- 
tions of habitability (M. Turbet), and on the state-of-the-art techniques of detection of atoms 
and molecules in the atmosphere of exoplanets by transmission spectroscopy (M. Brogi). The 
school additionally offered hands-on sessions on tools used to overcome the impact of stellar 
noise, like Gaussian Processes (S. Aigrain), and the code SOAP to handle brightness features 
such as spots and plages on the stellar disk to estimate their impact on planet detection (M. 
Oshagh). All the material (slides of the talks and codes) are freely available on the website 
of the school. All the lecture notes in this book are also available on Arxiv. 

We warmly thank our colleagues for the quality of the lectures and discussions during 
EES 2019; the students for their active participation with posters, presentations, discussions, 
and overall their enthusiasm; our sponsors: Centre National de la Recherche Scientifique 
(CNRS), Programme National de Physique Stellaire (PNPS) and Planétologie (PNP), Uni- 
versité de la Côte d’ Azur (UCA), ERC SPIDI (grant agreement 742095), the Lagrange Lab- 
oratory and the Observatoire de la Côte d’ Azur (OCA); the local organizing committee: C. 
Delobelle, S. Rousset, and I. Lapassat for managing the administrative and coordination as- 
pects. We are also very much grateful to the staff of the Paul Langevin center for their warm 
welcome and all the efforts they put to make our stay fruitful and pleasant during that week, 
despite the on-going renovation of the center. We were glad to bring back the EES school at 
its original place in Aussois, where Evry Schatzman and Annie Baglin started this series”, 30 
years before the EES 2019. 


L. Bigot, J. Bouvier, Y. Lebreton, A. Chiavassa, & A. Lèbre, the Editors 


'https://ees2019.sciencesconf.org 
2https://www.pnps.cnrs.fr/ees.html 
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Physics of star-planet magnetic interactions 


by A. Strugarek 


Artists impression of a hot Jupiter interacting with its host star through their magneto- 
spheres. Copyright: NASA, ESA, and A. Schaller. Licensed under the Creative Commons 
Attribution-Share Alike 4.0 International. Source: 
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Physics of star-planet magnetic interactions 


Antoine Strugarek!-*** 


! AIM, CEA, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité, F-91191 
Gif-sur-Yvette, France 


Abstract. Magnetic interactions between a planet and its environment are 
known to lead to aurorae and shocks in the solar system. The large number 
of close-in exoplanets that have been discovered so far triggered a renewed in- 
terest in understanding magnetic interactions in other star-planet systems. Mul- 
tiple magnetic effects were then unveiled, such as planet inflation or heating, 
planet migration, planetary material escape, and even some modifications of the 
host star apparent activity. Our goal here is to lay out the basic physical princi- 
ples underlying star-planet magnetic interactions. We first briefly review the hot 
exoplanets’ population as we know it. We then move to a general description of 
star-planet magnetic interactions, and finally focus on the fundamental concept 
of Alfvén wings and its implication for exosystems. 


1 Introduction 


1.1 The hot exoplanets population 


In the long trailing wake of the discovery of 51 Peg b [26], more than 4000 exoplanets have 
been detected today. Space-based observatories such as Kepler and Corot have revolutionized 
this field by bringing a long-awaited wealth of exosystems, including unexpected massive 
planets on very short-period orbit (the so-called hot Jupiters). Complementing transit and 
radial velocity detection techniques, ground-based coronography further allowed the direct 
imaging of distant exoplanets and revealed the existence of planets on very wide orbits (for a 
review, see [35]). The heterogeneous population of detected exoplanets is shown in Fig | as 
a function of the hosting star mass (vertical axis) and the orbital semi-major axis (horizontal 
axis), in units of stellar radius. The top panel presents the aggregated histogram of the known 
exoplanets as a function of their semi-major axis, which is heavily biased towards planets 
on compact orbits with a semi-major maxis typically smaller than 20 stellar radii!. Such 
close-in planets are expected to strongly interact with their host star through a variety of 
physical processes: they receive a strong irradiating stellar flux that affect their upper and 
lower atmospheres [18], they are subject to intense tides [24], and they orbit in a strongly 
magnetized medium. We will focus here on the latter and refer the reader to the cited reviews 
for the other types of star-planet interaction. 


*** e-mail: antoine.strugarek @cea.fr 
'Note that in the solar system, the semi-major axis of Mercury is about 83 solar radii 
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Figure 1: Exosystem distribution from exoplanet.eu. The bottom panel shows the distribution 
as a function host-star mass (vertical axis) and semi-major axis (horizontal axis), colored by 
the planet mass (M, sin i). The top panel shows the same distribution only as a function of the 
semi-major axis normalized to the stellar radius. The classical habitable zone [22] is shown 
as a grey band for an Earth-like planet. The Pow = 10 days is labelled by the magenta line. 
Finally, a magnetic influence limit’ line is shown in red (see § 2.1). 


1.2 Observational status of star-planet magnetic interactions 


The search for star-planet magnetic interactions has been a continuous history of positive 
and negative detections. The first firm detection of a signal that could be related to star- 
planet magnetic interactions was arguably reported by [38], following a seminal theoretical 
argument for the existence of star-planet magnetic interaction by [14]. They monitored at 
that time 5 promising star-planet systems, and detected a modulation associated with the 
hot Jupiter orbital period in the K band of Ca II of HD 179949. The other systems did not 
show any direct evidence of star-planet magnetic interactions at that time. Such signals have 
been observed since for different systems (see the review by [40]) such as famous compact 


Star-Planet Interactions — Evry Schatzman School 2019 


exosystems like 55 Cnc or HD 189733 [11]. The star-planet interactions tracers found in the 
stellar activity indicators have always been subject to a large variability with very clear signals 
at some epochs, and no detection at others (see for instance [10, 39]). We believe today that 
at least part of this hide & seek stems for the intrinsic variable nature of star-planet magnetic 
interactions. Star-planet magnetic interactions are controlled by the large-scale magnetism of 
stars, that can be topologically complex ([15, 37]) and time-variable due to eruptive events 
(e.g. coronal mass ejection, on a monthly time-scale) or magnetic cycles (on the yearly to 
decadal time-scale). As a result, star-planet magnetic interaction likely varies in nature and 
strength along planetary orbits as well as longer timescales. 

Historically, tracers of star-planet magnetic interaction have been searched for in radio. 
Indeed, compact exosystems look alike planet-satellite systems in our own neighbourhood. 
The interaction of Io in the magnetosphere of Jupiter is known to lead to cyclotron-maser 
radio emissions at the poles of Jupiter [54]. At the same location, strikingly clear UV spots 
are present at the pole of Jupiter [13], tracing the footprints of the magnetic interaction of 
Jupiter with Ganymede, Io, and Europa. Until recently, no clear radio detection of star-planet 
magnetic interactions have been successfully obtained (for a recent review, see [55]). In 2019- 
2020, two new observations hinted toward these long-awaited radio emissions. The first one 
was a cautious suspicion of a radio emission in the r Boo system [50]. The second one was 
the detection of coherent radio emission from the red dwarf GJ 1151 [51]. The latter is an 
indirect detection in the sense that the observed stellar radio emission is peculiarly intense 
compared to what one would expect from such a slowly-rotating star. The authors showed 
that the observed emission could be compatible with star-planet magnetic interaction with an 
Earth-like planet on a | to 5 days orbit, but we have not detected this planet so far. A firm 
detection of this hypothetical planet through transits or radial velocity would help strengthen 
our confidence in this detection scenario today. 


2 Magnetic interactions in compact exosystems: overview 
2.1 Sub- vs Super-alfvénic interaction 


Planets in close-in orbits are generally thought to have their orbit circularized by efficient 
tidal interactions [41]. We will therefore consider here only planets in circular orbit, for the 
sake of simplicity. The characterization of star-planet interactions requires to estimate the 
plasma conditions along the orbit, that are set by the stellar wind. We will not detail stellar 
wind theory here and refer the reader to the previous Evry Schatzmann school proceedings by 
[8] and Johnstone (this volume) where the basics of magnetized stellar winds are introduced 
(the interest read can start by the seminal papers of [33, 52]). Let us summarize it quickly 
as follows. Cool stars like the Sun possess an external turbulent convective envelope that 
is the seat of an efficient dynamo process. The associated large-scale magnetic field then 
sculpts the environment of the star. In addition, turbulent photospheric motions are thought 
to excite magnetic perturbations, likely in the form of Alfvén waves, that propagate along 
this magnetic field and ultimately deposit energy upper the stellar atmosphere. In the case of 
the Sun, this leads to a very hot corona reaching more than a million Kelvin. This extremely 
hot corona then leads to the existence of a stellar wind, accelerating outwards and reaching 
super-sonic and super-alfvénic speeds. At the Earth orbit, the solar wind speed averages 
between 400 and 700 km/s, and reaches an alfvénic Mach number M, between 9 and 10! In 
the context of exosystems, one can then wonder what is the speed of the stellar wind around 
close-in planets. 

We can get a first estimate by computing a simple Weber-Davis [52] wind solution under 
the influence of rotation. Several alfvénic Mach numbers can be computed, each characteriz- 
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Figure 2: Schematic of alfvénic Mach numbers in compact exosystems. The top panel il- 
lustrates the star (yellow), the planet (blue) and its orbit (black), and the direction associated 
with the alfvénic Mach numbers (Eq. 1-3). The bottom panels show the values of these num- 
bers as a function of orbital distance. The left panel corresponds to a solar-like star, and the 
right panel to a young, fast-rotating Sun. 


ing different aspects of star-planet magnetic interactions. They are summarized in Fig. 2 and 
defined as follows 


radial = Uy 1 
Mï = 2, (D 
VA 
. lv! — Uke | 
m (0 P 
Mga = , (2) 
vA 
|v” - Vkep| 
ME = "©, 3) 
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where v” is the stellar wind velocity field, which we consider to be primarily in the radial 
star-planet direction (i.e. the accelerating component, denoted v”) and in the orbital direction 
(due to stellar rotation, denoted v). The Kepler velocity vip is assumed here to be purely in 
the azimuthal direction (circular orbit). Finally, va = By/ Yop is the local Alfvén speed at 
the planet orbit based on the plasma properties in the stellar wind (where y is the vacuum 
magnetic permeability). 
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In the bottom panels of Fig. 2 we illustrate the different alfvénic Mach numbers for a 
solar-like star on the left and a fast rotating Sun (e.g. a young Sun) on the right. The classical 
alfvénic Mach number, based on the radial velocity of the stellar wind (Eq. 1), is shown by 
the red dashed lines. For the Sun, this simplified 1D model predicts an average alfvénic point 
(Mradial = 1) around 17 solar radii (i.e. 0.08 AU). The orbital Alfvénic Mach number is quite 
different as it is based on the relative orbital motion of the planet in the stellar environment. 
At first order, the corona of a star can be approximated to co-rotate with the star below the 
alfvénic point, and to rotate with a profile up œ r7? conserving angular momentum in the 
super-alfvénic region outside. 

The orbital alfvénic Mach number Mr is shown in blue in both panels. It is super- 
alfvénic only very close to the star, due to a very fast keplerian motion. We see that it remains 
nevertheless sub-aflvénic for most of the domain for a solar-like star. In the case of an ex- 
tremely fast-rotating star (right panel), the co-rotation radius (vertical dashed line) can be in 
the sub-alfvénic domain of the stellar wind. At the co-rotation radius, me = 0 by def- 
inition, which means that the magnetic interaction vanishes. Note that it is nevertheless a 
non-stable equilibrium of the star-planet system (see for instance [46]). 

One can conclude from this crude analysis that many of the planets orbiting below 20R, 
are likely to be in a sub-alfvénic interaction regime, with all Alfvénic Mach numbers below 1. 
We illustrate this by applying our simple 1D Weber-Davis wind model to stars with varying 
mass and rotation rate (typically here between 2 and 28 days). We obtain an estimate the 
Alfvénic transition, which appears as the red area along with the exoplanet distribution in 
Fig. 1. Note that some very close-in planets could still be in a super-alfvénic interaction 
state in their orbital direction, which still allows them to be magnetically connected to their 
host star in the radial direction. We now turn to the basic description of different magnetic 
connection scenarios in the sub-alfvénic regime. 


2.2 Different regimes of sub-alfvénic interactions 


A planet on a short-period orbit can be thought of as a perturber placed in a likely non- 
axisymmetric interplanetary medium. The perturbations it triggers can be decomposed on 
magneto-hydrodynamic (MHD) waves traveling away from the planet location (we will give 
the full description of this in § 3.1). A net Poynting flux is therefore channeled away from 
the planet by waves, along what is often referred to as Alfvén wings (see § 3). These alfvénic 
perturbations can travel back and forth between the star and the planet due to reflection along 
the magnetic field gradients. In the context of exosystems, a simple estimate of the ratio 
between the alfvénic travel time and the advective time-scale of the flow across the obstacle 
can be found in [49]. In essence, what is found is that for obstacles constituted by a planet 
and its magnetosphere, alfvénic perturbations generally do not have time to perform a back 
and forth travel between the planet and the low atmosphere of the star during the advective 
crossing time-scale”. This situation corresponds to the so-called pure Alfvén wing case [31]. 
Other scenarios can be achieved, depending on the propagation time of these waves and 
on the conductive properties of the planet. For instance, [23] showed that planets with no 
magnetosphere and high internal conductivities could lead to the opposite situation where 
Alfvénic perturbations of have time to perform multiple back-and-forth travels. The later case 
is generally referred to as the unipolar inductor interaction regime. A full description of the 
different interactions regimes can be found in [49], we refer the interested reader to this review 
and the references therein. While Alfvén wings have been observed on Earth (e.g. [12]) and 


2Note that in general, the reconnection timescale is short enough to not play major role here in setting the type of 
star-planet magnetic interaction. It can nevertheless play a role in setting the absolute amplitude of these interactions. 
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for natural moons of solar system’s giants planets (e.g. [7, 13], and references therein), the 
distinction between the different scenarios has proved to be difficult observationally. In all 
cases, though, two Alfvén wings always form in the (B,,, v” — v‘°?) plane. Depending on the 
Alfvénic Mach numbers (§ 2.1), both wings can connect onto the host star; only one may do 
so while the other extends away toward the interplanetary medium, or both may head away 
from the host star. As a result, the knowledge of the magnetic configuration between the host 
star and the orbital path of the planet is mandatory to assess star-planet magnetic interactions. 


3 Magnetic interactions in compact exosystems: the Alfvén wings 


We now turn to the theoretical concept behind our understanding of star-planet interactions: 
the concept of Alfvén wings [30]. 


3.1 Pre-requisites on magneto-hydrodynamic waves 


Let us recall here the properties of large-scale waves in magnetized plasmas. Neglecting 
rotation and stratification, three MHD modes can be identified: a slow MHD mode, a fast 
MHD mode, and pure Alfvén mode. The associated waves will be dubbed Alfvén wave 
(AW), slow MHD wave (SW), fast MHD wave (FW). Note that the term magnetosonic is 
generally used for purely perpendicular waves, we thus prefer to keep here the generic MHD 
denomination for these modes and waves. The derivation of the dispersion relation of these 
modes can be found in most good MHD textbooks (e.g. [17] to cite only one). We give only 
here the result and let the reader dig into such textbooks for their derivation. 

We will write k the propagation vector of the wave, and w its frequency. We will assume 
that at the studied scales the magnetic field can be considered to be homogeneous and we 
write Bo = Bob. The angle between k and Bo will be written 0. Finally, the classical Alfvén 
and sound speeds are defined as 


Bo 

VA = ; (4) 
VH0P0 
P, 

gea a, (5) 
Po 


where po the plasma density, Po the plasma pressure and y the ratio of specific heats. The 
dispersion equation for a pure Alfvén wave is 


T = VA COS ð, (6) 


and the dispersions for fast (+) and slow (-) MHD waves are 


(2) T ; (c = vi) Ł Je + A — 4c2v%, cos? o| 


“A |(B + 1) + (E+ 1-40). (7) 


2 
A 
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where B is related to the plasma B through 


Y 2u0Po Y 
= =>. (8) 
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Friedrichs diagram: phase velocity 


Figure 3: Friedrichs diagrams of the phase velocity of Alfvén waves (AW, black), fast MHD 
waves (FW, red) and slow MHD waves (SW, blue). The vertical axis is aligned with an 
ambient magnetic field, the horizontal axis represents any perpendicular axis. On the left 
panel the Alfvén speed is larger than the sound speed, on the right panel it is the opposite. 


A graphical representation of Alfvén waves can help guide our intuition on their proper- 
ties. In particular, Friedrichs diagrams can be built for these three fundamental waves. For 
a given frequency, we represent in Figure 3 the phase speed of the wave v, = (w/ kk for all 
propagation directions k, where k is the unit vector aligned with k. In each panel, the mag- 
netic field direction b is represented by the vertical direction. The perpendicular direction e, 
is represented by the abscissa. In 3D, the Friedrichs diagrams are invariant by rotation along 
b. As a result, we represent these diagrams in 2D, bearing in mind that the full characteristics 
can be obtained by rotation along b. 

We represent the phase speeds for the AW (black), the SW (blue) and FW (red). The 
AW and SW are degenerate for k = 0 and fall back on what is sometimes called an entropy 
wave. Two illustrative cases are shown in Figure 3. On the left panel, 8 < 1 and the AW 
and FW have the same phase speed when k || b. On the right panel, B > 1 and the AW and 
SW have the same phase speed when k || b. We note that as B increases, the sounds speed 
overcomes the Alfvén speed and the AW and SW converge essentially to the same the phase 
speed portrait as the dispersion relation of SWs converges to the one of AWs. 

The same diagram can be build for the group velocity of the waves. The group velocity 
is defined as 

F v 
x = kv, + coe . (9) 
The first term corresponds to the parallel component of the group velocity (which is equal to 
the phase speed), and the second to perpendicular component of the group velocity. In the 
case of AWs, we directly obtain that only the parallel component remains and obtain 


Vg = 


Vy = vab. (10) 
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Friedrichs diagram: group velocity 


Figure 4: Friedrichs diagram for the group velocity of large-scale MHD waves. The layout is 
the same as in Fig. 3. Note that the diagram for Alfvén waves consists in the two black dots 
due to the degeneracy of their group velocity. 


We immediately note an important result: the group velocity of pure AWs is degenerate 
as it does not depend on the wave vector k. As a result any wave packet of pure AWs has 
to propagate along the magnetic field b. The same calculation can be followed for SWs and 
FWs, and one obtains 


+ aly o cos 6 sin 0 


v, =v, |k hl, 
= H 2V1 - ocos?6|1 + VI = «cos? 6] 


(1) 


where we have introduced o = 48/ (3 + 1), and fi is the direct unit vector perpendicular to 
k in the (b, k) plane. 

The group velocity indicates the propagation direction and speed of wave packets. It 
thus constitutes an important information to characterize how energy is channelled by wave 
ensembles. They are represented for AWs, SWs and FWs in Figure 4 with the same layout 
as in Figure 3. FWs are completely unfocused as their group velocity can take any direction. 
SWs have a more focused group velocity around b. This focusing is nevertheless less and 
less tight as B increases. Finally, AWs are completely focused (black dots in Figure 4), as we 
already noted earlier. This will have major consequences on the existence of Alfvén wings, 
which we now turn to. 


3.2 The concept of Alfvén wings 


We will now apply the basic MHD concepts of Section 3.1 to the case of star-planet magnetic 
interactions. We want to characterize the stationary waves that can exist due to the existence 
of an obstacle in a magnetized flow. In this simplified view, the obstacle can be a conducting 
planet, or the ensemble of a planet with its magnetosphere. The detailed shape of the obstacle 
itself does not matter for the moment. 
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Figure 5: Friedrichs diagrams of the phase velocity involving a Doppler-shift associated with 
a large-scale flow impacting the obstacle. The Doppler-shift is labelled by the red circle. The 
direction of the incoming flow h is given by the red line. The two panels show the same 
interaction case with a different impact angle © of the flow. 


We will consider the frame at rest with the obstacle. Let us define vo the flow velocity 
in this frame, such that the obstacle is subject to a stream v, = voh that deviates from being 
perpendicular to b by an angle ©. In this frame, a stationary wave solution requires that 


w=k-vo, (12) 


that is naturally the Doppler shift in this frame. If on applies the same reasoning for 
Doppler shift that the one for Alfvén waves developed in previous section, we remark that 
such waves are described in the Friedrichs diagram by a circle of radius w/2 centered on 
(— cos © v9 /2, — sin © vp /2) in the (b, e1) plane (again, in 3D this is actually a sphere by ro- 
tation along h). We can intersect this circle with the three Alfvén waves characteristics in 
the phase velocity Friedrichs diagram as shown in Figure 5. The possible stationary waves 
then depend on the most important control parameter for star-planet magnetic interactions: 
the (total) Alfvénic Mach number, defined here as 
M, = 2. (13) 
VA 

On the left panel of Figure 5, we consider the canonical case © = 0 for a sub-alfvénic 
interaction (Ma = 0.8). On the right panel, we illustrate the effect of the flow inclination 
angle ©. The Doppler-shift is labelled by the red circle. We rightfully note that it actually 
intersect only the characteristics of the SWs and AWs. If the interaction was super-alfvénic 
(MA > 1), the red circle would actually intersect the three characteristics. The Doppler, SW 
and AW circles all cross in the center. We find again the ’entropy wave’, for which the wave 
vector k is perpendicular to vo and the group velocity is equal to vg. These waves form a 
queue behind the obstacle, in the direction of the impacting flow. 

We have seen in Section 3.1 that the group velocity of AWs is degenerate. As a result, 
thanks to the Friedrichs diagram analysis we know that pure AW wave packets will propagate 
along the so-called Alfvén characteristics (blue lines in Figure 5) defined as 
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Figure 6: Schematic of the concept of Alfvén wings. The obstacle, illustrated by the black- 
ened areas, can consist of a planet and its hypothetical magnetosphere. A front (left panel) 
and side (right panel) are shown. The two wings are labelled in red and blue. 


c = Vo + VA. (14) 


Finally, the case of SWs is interesting. Alike the pure AWs, they show an intersection 
with the Doppler shifted red circle in Figure 5. Nevertheless, their group velocity is non- 
degenerate. As a result, any excited SW wave packets will occupy a larger and larger volume 
as we move away from the obstacle. The energy and momentum transport by these waves 
will therefore be unfocused and are generally ignored in the context of star-planet or planet- 
satellite interactions. 

We can sketch the characteristics of sub-alfvénic star-planet interaction deduced from this 
simple Friedrichs diagram analysis, as shown in Figure 6. The Alfvén wings always live in 
the (b, h) plane. The inclination angle between the Alfvén wings and the ambient magnetic 
field, ®4, can be geometrically derived from Figure 5 to obtain 


M,cos® 
sin @, = 2 


(15) 


V1 + M3 -2M1 sin © 


To summarize, a first analytical description of Alfvén wings yields the following two 
robust conclusions: 


e Only pure Alfvén waves and slow MHD waves are excited by the obstacle in the subsonic 
flow. Between the two, only pure Alfvén waves packets propagate in a focused manner, 
which leads us to consider only this wave population in the energetic discussion hereafter 


(83.3) 


e The overall shape of the Alfvén wings does not depend on the specifics of the obstacle. It 
is fully determined by the flow impacting the obstacle and the ambient magnetic field in 
the flow. 
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Figure 7: Alfvén wings in the Kepler-78 system [45]. The left panel is an illustrative view of 
the corona of Kepler-78 deduced from a 3D, MHD modelling using the observed magnetic 
map of Kepler-78 ([29]). The right panels show the projection of the two Alfvén wings on 
the ecliptic plane for four different orbital phases +. Figures are adapted from [45] with 
permission of the AAS. 


The latter has a particularly interesting consequence: one can predict the shape of Alfvén 
wings solely based on the structure of a stellar corona and the orbital motion of an exoplanet. 
We show the application of the Alfvén wings theory to the Kepler-78 exosystem in Figure 
7 (for more details see [45]). On the left, a polytropic wind model is used to derive the 
plasma properties of the corona of Kepler-78, based on observed Zeeman-Doppler-Imaging 
magnetic map observed by [29]. The orbit of Kepler-78b is shown by the dashed white circle. 
On the right, we apply the Alfvén wings theory to predict how wings change along the orbit 
of the planet. We show the projected trace of north (in red) and south (in blue) wings on the 
ecliptic plane. We observe that as the planet orbit the AW shape and sub-stellar points (red 
and blue star symbols) dramatically change due to changes in magnetic connectivity in the 
stellar corona. 


3.3 Energetics of Alfvén wings 


Now that we have understood how to characterize the shape of Alfvén wings, let us turn to 
their amplitude. How much energy is involved in magnetized star-planet interactions? The 
energy flowing through the wings is characterized by the Poynting flux S defined as 


ExB 
Ho 


: (16) 


Assuming ideal magneto-hydrodynamics, the electric field is simply E = —v x B. The 
projection of S along the Alfvén characteristics in the plasma reference frame is therefore 
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Figure 8: Illustration of the effect of the magnetic topology on Alfvén wings, from the 3D 
numerical simulations of [47]. The two left cases are the same except for the orientation 
of the planetary field (grey arrow), showing a modulation of the wings in amplitude (the 
red/blue volume renderings show the current system of the Alfvén wings). The right panel 
is the same except for the stellar magnetic field that is quadrupolar, showing a change in the 
shape of Alfvén wings. Figures are adapted from [47] with permission of the AAS. 
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Equation 17 gives a robust, maximum estimate of the power involved in the magnetic 
interaction. It corresponds to the case where the perturbations propagating in the wings are 
sufficiently large so that the incoming flow is completely halted inside the wings. 

In general, the exact Poynting flux depends on two important aspects of star-planet mag- 
netic interaction: (i) the details of the interaction inside the grey area in Fig. 6: what are the 
plasma, magnetic, and conductive properties of the obstacle? and (ii) the size of the effective 
obstacle. The latter determines the thickness of the Alfvén wings, over which one has to 
sum to estimate the total power involved in the interaction. We illustrate these aspects in Fig. 
8 where we show 3D simulations for three different magnetic topologies [47]. The Alfvén 
wings are highlighted by the volume rendering of the currents in blue/red (negative/positive). 
All three cases are equivalent: in the two first cases only the orientation of the planetary field 
is reversed, while in the third case the stellar magnetic field is changed from a dipole to a 
quadrupole of similar amplitude. We strikingly see in these renderings that the relative topol- 
ogy of the magnetic field has an important influence on the strength of the wings, while their 
overall shape is control by the stellar atmosphere. 

[36] have developed an analytical model to calculate the total Poynting flux over Alfvén 
wings, assuming the obstacle is magnetized. They found, for simple geometries, 


2-2 2 ; 1/2 
p= S- dA = 27R°& (1 + M? -2M4 sin@) Saw, (18) 
AW 


where R is the effective radius of the obstacle, and & quantifies the conductive properties 
of the obstacle?. These results were later confirmed and extended to more complex geome- 


3@ = 2p/(Ep + Da), where Lp is the Pedersen conductance in the planet’s ionosphere and 24 = (1/uova)(1 + 
Mi — 2M4 sin@)!/? is the Alfvén conductance. 
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tries through 3D numerical simulation [42, 48]. The maximal power is obtained for high 
conductance in planet’s atmospheres for which & = 1. In the solar system, @ varies from 
a few 107? to about 1 for the different moons of Jupiter and Saturn [21, 36]. The conduc- 
tive properties of exoplanets are nevertheless largely unknown as of today. They depend for 
instance on the complex photo-chemical reactions in their upper atmosphere, and hence on 
both the irradiation received by the planet, and the planet atmospheric composition. Both are 
expected to change significantly along stellar evolution. Ab-initio calculations are today be- 
ing performed to characterize (among other aspects) the conductive properties of exoplanets’ 
atmosphere (e.g. see the Kompot code, [20]). 

Assuming a maximized interaction, the total Poynting flux P requires the knowledge of 
the plasma environment around a planet along its orbit. [36] considered a simple Parker-like 
wind and applied their formalism to the ensemble of known exoplanets at that time. The 
largest uncertainty lies here in the lack of knowledge of the key stellar properties (rotation 
period, magnetic field) in the sample. For this review I revisited the updated ensemble of 
Kepler-observed exosystems while using the wind-modelling strategy developed by [1]. This 
strategy can be applied for the stars with a detected rotational period ([28]: a stellar Rossby 
number can then be estimated based on the scaling law derived from 3D numerical simula- 
tion by [9]. The stellar magnetic field and the subsequent wind is then computed following 
the approach proposed by [1] that satisfies all the observational constraints on stellar wind 
available to date. The resulting estimated Poynting flux (Eq. 18) assuming a planetary sur- 
face field of 4G for these systems is shown in Fig. 9. In spite of the large scatter due to the 
large variety of star-planet systems considered here, we see a clear overall trend P œ pi 
for the compact exosystems in the Kepler field. We highlight two populations in Fig. 9: 
exosystems in a very likely sub-aflvénic interaction regime (red circles), and exoplanets in 
a likely sub-alfvénic interaction regime (green squares). The former population is found to 
be in a sub-alfvénic interaction within all the error-bars of the models and observations used 
here (see [1] for more details on these error-bars). The latter population (green squares) is 
predicted to be sub-alfvénic only for part of our estimated magnetic field and coronal prop- 
erties of the central star. It is nonetheless instructive to observe that sub-alfvénic interactions 
are highly unlikely to occur for planets with an orbital period longer than five days. 

The Kepler-70 system stands out in this diagram. It is composed of a hot sub-dwarf 
around which a super-Earth (Kepler-70b) orbit with an extremely short period. Our estimates 
predict a moderate stellar magnetic field, which translates into a quite weak star-planet mag- 
netic interaction. As aresult, small orbital periods do not necessarily imply strong star-planet 
magnetic interactions. This is also illustrated by the large vertical spread in Fig. 9: planets 
with the same orbital period can lead to absolute Poynting fluxes varying by more than 3 or- 
ders of magnitude (e.g. for Po» ~ 2 days) depending on the spectral, rotational, and magnetic 
properties of their host star. 

The case of Kepler-78 is also highlighted in the top left of Figure 9. The Poynting flux 
estimate was carried out using our empirical scaling law with no a priori knowledge of the 
stellar magnetic field. It nonetheless provides an estimate that is very close to the one obtained 
when carrying out fully 3D MHD simulations of Kepler-78, based on an observed magnetic 
maps with Zeeman-Doppler Imaging (see Fig. 7 and [45]). 

We have illustrated the theoretical derivation of the energetics of star-planet magnetic in- 
teraction with the Kepler sub-sample of exoplanets. This sub-sample is particularly interest- 
ing because asterosismology allows us to have access with good precision to the fundamental 
stellar parameters required to properly assess magnetic interactions. Many other exosystems 
as for instance HD 1897333 or 55 Cnc [11] also present promising configurations for sub- 
alfvénic interactions. Dedicated, 3D models of such systems are today required to properly 
assess both the energetics and the ephemerids of star-planet interactions [45]. One can hope 
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Figure 9: Estimated Poynting flux power (Eq. 18) for the Kepler sub-sample of [27] as a 
function of the orbital period of the planet. The red dots label the planets that are always 
predicted to exhibit star-planet magnetic interactions within all the error-bars of the model. 
The green squares label the planets that are predicted to exhibit such interactions only for the 
most optimistic error-bars. 


that the coming years will see the definitive confirmation of star-planet magnetic interactions 
detection thanks to a combination of advanced 3D models supporting this interpretation of 
peculiar observational features correlated with exoplanets’ orbital periods. 


3.4 Angular momentum transfer and the secular evolution of stellar systems 


The mere existence of Alfvén wings implies an energy transfer that also contains in part an 
angular momentum transfer. Indeed, an orbiting planet interacts with its environment and 
therefore is subject to an equivalent drag force. For the solar-system planets, the stellar wind 
is not quite dense enough for this force to matter at all in their orbital evolution. But it may not 
be systematically the case for close-in exoplanets orbiting in a dense and strongly magnetized 
stellar coronae. 

The magnetic torque felt by close-in exoplanets was systematically parametrized through 
numerical simulations [42, 48]. We show the example of one such simulation in the left panel 
of Fig. 10, for one particular magnetic topology (see [19] and [47] for more details on the 
effect of topology). A clear magnetic torque originating from the magnetic tension around the 
planet (green line) produces most of the total net torque (grey line) felt by the orbiting planet. 
The main unexpected finding of these studies was that this net magnetic torque could make 
close-in planets migrate on a time-scale of hundreds of millions years. Henceforth, magnetic 
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Figure 10: Illustration of magnetic torques due to star-planet magnetic interactions. The 
left panel shows an angular momentum budget around the orbiting exoplanet from 3D nu- 
merical simulations [47]. The main magnetic torque is dominated by the magnetic tension 
contribution in green. The right panel shows the comparison between tidal and magnetic 
migration torques in a (P;o, Port) diagram for TT-Tauri — hot Jupiter exosystem (see [44] for 
more details). The bottom right panel shows the total (tidal+magnetic) migration timescale 
in a logarithmic color-scale for the same system. Figures are adapted from [47] and [43] with 
permission of the AAS. 


torques could in principle play a role in shaping the population of close-in exoplanets. This 
situation typically arises mainly for strongly magnetized dwarf stars, or early in the evolution 
of a solar-like star. For main-sequence slow-rotating stars, magnetic torques play a more 
negligible role: for instance, the fastest migration timescale found in the Kepler sub-sample 
studied in Fig. 9 is predicted for Kepler-828 with a timescale of approximately 2 Gyrs. 

Nevertheless, it is important to consider magnetic torques for ensemble evolution of com- 
pact exosystems, particularly during their early evolution. A systematic comparison between 
tidal and magnetic torques can be carried out thanks to the developments in both theoreti- 
cal fields over the last decade. We have carried out such a comparison in [44] and showed 
that in general both physical phenomenons add up to make orbital migration more efficient. 
We found that magnetic torques were likely dominating the migration process for fully- 
convective stars and young stars, while tidal torques were likely dominating otherwise. We 
summarize this instantaneous comparison in the right panel of Fig. 10, for a typical TTauri 
star - hot Jupiter system (alike Tap-26, see [53]). We see that the torque can be dominated 
by either tidal torques (red regions in the top panel) or magnetic torques (blue regions) in a 
Pyot-Por diagram. The bottom panel shows the migration timescale resulting from the sum 
of tidal and magnetic torques (see [44] for more details). 

It is today mandatory to go beyond the instantaneous approach to understand how com- 
pact star-planet systems jointly evolve. Any orbital migration corresponds to an angular 
momentum exchange with the star, that ultimately affects the stellar rotation period, and thus 
its dynamo action and the subsequent evolution of the system. This is a challenging en- 
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deavour as it involves the complex stellar secular evolution along with non-linear physical 
phenomena such as stellar winds, and tidal and magnetic star-planet interactions. A semi- 
nal exploration was carried out simultaneously [5, 34, 56] exploring the angular momentum 
budget of a two-body star-planet system along stellar evolution, including tidal interactions. 
Recently, [16] followed a similar approach based on state-of-the-art stellar evolution tracks 
produced by the STAREVOL code [3], and advanced stellar wind [25] and tidal interactions 
[6, 32] modelling. In this study they focused on the hot exoplanets population predicted by 
such models for young open clusters such as Pleiades. A similar approach was also used with 
the ESPEM code [4] to predict which star-planet systems were the most likely to undergo 
a coupled orbital-rotational evolution phase. Star-planet magnetic torques yet have to be in- 
cluded in these theoretical explorations. This tool can ultimately be used to produce synthetic 
exoplanet populations, as we recently demonstrated [2]. 

Such studies are today highly valuable in the context of Kepler and TESS (and in the 
future PLATO) as the number of the observed exosystems keeps growing fast. They will 
allow to disentangle the relative importance of the different physical effects in shaping the 
population of exoplanets thanks to dedicated, careful cross-comparisons between observed 
and synthetic samples. 


4 Conclusions 


We have presented here the basics behind our physical understanding of star-planet magnetic 
interactions. Several grey areas nevertheless remain to be explored and understood. Among 
them, I would like to highlight in particular that we have almost not discussed the details of 
the obstacle itself, i.e. the planet and its hypothetical magnetosphere/ionosphere/etc... While 
the topology of star-planet magnetic interactions is largely controlled by the star itself, their 
strength is sensitive to the detailed properties of the obstacle. What are the conductivites 
in the different layers of the atmosphere and interior of exoplanets? This question cannot be 
trivially answered today, as exoplanets can have wildly different chemical reactions compared 
to solar system planets, that can receive a much different ionizing flux from their star, and they 
can be subject to much stronger tidal interactions with their host star and/or other planets in 
the system. 

In spite of these hurdles that have to be overcome on the theoretical side, the charac- 
terization of star-planet magnetic interactions should allow us to probe the magnetism of 
exoplanets. This grand goal is worth such efforts, as today we can only characterize (with not 
so much precision) the magnetism of the few planetary bodies in the solar system. One may 
await a revolution in our understanding of planetary magnetism if the hunt for star-planet 
magnetic interactions succeed in the future. I hope this review will help motivate more and 
more young researchers to dive into the fantastic open world of star-planet interactions. 
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Abstract. Stellar activity due to different processes (magnetic activity, pho- 
tospheric flows) affects the measurement of radial velocities (RV). Radial ve- 
locities have been widely used to detect exoplanets, although the stellar signal 
significantly impacts the detection and characterisation performance, especially 
for low mass planets. On the other hand, RV time series are also very rich in 
information on stellar processes. In this lecture, I review the context of RV ob- 
servations, describe how radial velocities are measured, and the properties of 
typical observations. I present the challenges represented by stellar activity for 
exoplanet studies, and describe the processes at play. Finally, I review the ap- 
proaches which have been developed, including observations and simulations, 
as well as solar and stellar comparisons. 


1 Introduction 


Stellar activity impacts the measurement of radial velocities (hereafter RV), which in turn 
affects the detectability of exoplanets using this indirect technique: this was recognized very 
early-on [148] after the detection of 51Peg b [99]. This lecture therefore focuses on integrated 
RV observed for stars other than the Sun, and on the effect of both magnetic activity (due to 
spots and plages) and variability due to photospheric dynamics at various spatial scales (from 
granulation to large scale flows), as well as the interaction between these two categories of 
processes. Asteroseismology as well as Doppler imaging are outside the scope of this lecture. 
We focus on F-M main sequence stars, with a bias toward old solar-type stars. 

RV is an indirect technique in exoplanet studies, i.e. we observe the light coming from 
the star and not from the planet (Fig. 11): if the star impacts the RV measurement (by modi- 
fying the line shape or its position), then exoplanet detectability and characterization are also 
affected. This is true for several indirect techniques (RV, photometry, astrometry), which are 
complementary in terms of the orbital range they cover, but also in terms of the informa- 
tion they provide (for example, mass is obtained with radial velocities and radius with transit 
photometry, giving clues on the planet density). However, although RV are very sensitive 
to stellar activity, they are not the traditional way to study it: RV observations and surveys 
are usually biased toward the search for exoplanets (studies in which stellar activity is usu- 
ally considered as “noise"), while several other methods are commonly used to study stellar 
activity such as chromospheric emission, photometry, or spectro-polarimetry. 

Furthermore, most observables used to study stellar activity are strongly degenerate, as 
illustrated in Fig 12: for example, there is a strong degeneracy between spots and plages or 
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Figure 11: Planet mass vs. planet period (projected mass when observed with radial ve- 
locity) for different detection techniques. Jupiter, Neptune and the Earth are indicated for 
comparison. 


between structure size and contrast when analyzing photometric light curves, while polarime- 
try is very sensitive to flux cancellation. RV measurements are no exception in that respect: 
they are sensitive to many processes, some of them subject to degeneracies. However, all 
these techniques are sensitive to different processes and are therefore complementary from 
the point of view of stellar activity. Combining different approaches and activity indicators is 
therefore very useful to obtain a complete view of stellar variability for such stars: RV in par- 
ticular are sensitive to several processes not affecting other observables, which is a problem 
from the point of view of exoplanet detection, but also very interesting to study stellar pro- 
cesses related to magnetic activity or photospheric flows. Studying stellar activity using RV 
methods is also necessary to push the limits of exoplanet detections. Finally, a great wealth 
of knowledge has been obtained for the Sun: solar physicists are used to exploit the very 
high spatial resolution at our disposal, often without considering the integrated signal (except 
for irradiance and some helioseismology observations mostly), but leading to results of great 
interest to understand stellar RV. The content of this lecture therefore lies at the interface 
between stellar physics, solar physics and exoplanet studies. 

The outline of the lecture is the following. I first introduce the context, how radial veloci- 
ties are measured and affected, and what are the current challenges. Then I review the stellar 
processes impacting radial velocity measurements in detail and provide information about 
their typical amplitude and timescales. Finally, I describe the approaches which have been 
developed by different groups to deal with the challenge consisting in disentangling the plan- 
etary contribution from the stellar one: stellar and solar observations, correction techniques 
and simulations. I conclude with some perspectives for the next few years. 


2 From the instruments to radial velocities 


The RV technique needs stabilized spectrographs associated to high spectral resolution to be 
able to measure very precise RV on a long-term basis (> 10 years). Very stable instruments 
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Figure 12: Solar magnetogram obtained by MDI/SOHO (left, with two different magnetic 
field saturation on the figure), and images of the solar photosphere (upper right panel) and 
chromosphere (lower right panel) from Meudon Observatory (BASS2000). 


have been developed and implemented to be able to detect exoplanets, which are inducing 
a reflex motion of the star: this technique, based on the measurement of the position of 
spectral lines using various techniques, led to the first detection of an exoplanet around a 
main-sequence star in 1995 [99]. I present here a short overview of instruments and observa- 
tions. 


2.1 Instruments 


Such spectrographs have been developed for the purpose of detecting exoplanets using RV 
techniques (this list is not exhaustive as many facilities exist) in two wavelength domains: 
first in the visible (e.g. Sophie at the 1.93m, Observatoire de Haute Provence, HARPS at the 
3.6m in La Silla, HARPS-North at the TNG in La Palma, Espresso at the VLT in Paranal 
using one of the 8m UT or the 4 telescopes) and more recently covering the infrared domain 
as well (e.g. Carmenes at the Calar Alto Observatory, Spirou at the CFHT, Hawaii, or the 
soon to come NIRPS in La Silla). Their main characteristics are: a high resolving power 
(in the 70k-190k), a very high long-term stability (with goals between 10cm/s and 1 m/s 
depending on the instrument and wavelength domain), and a good signal-to-noise ratio. They 
are characterized by their transmission, wavelength domain, and sampling. The S/N ratio on 
the spectrum depends on the spectral type and magnitude of the star, and on the order in the 
spectrum, but is typically in the 10-500 range. Reaching values down to 10 cm/s constitutes 
a huge instrumental challenge, as a displacement of the spectrum on a typical CCD detector 
represents a few atoms only! 


2.2 From spectra to radial velocities 


These instruments produce Echelle spectra, each of them typically recording the stellar spec- 
trum as well as a reference spectrum used for the precise wavelength calibration (Th lines, 
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Fabry-Perot etalon, ...) for each order (for example 72 for HARPS). RVs are usually com- 
puted for each order separately and then combined. Different methods have been imple- 
mented to measure RV from these spectra. The most common one (for example used in the 
standard SOPHIE or HARPS pipeline) is based on a cross-correlation between the observed 
spectrum and a binary mask indicating the position of the expected lines for the spectral type 
of the observed star. The position of the maximum of this cross-correlation function (CCF), 
found by adjusting a symmetric Gaussian function, provides the stellar RV for this observa- 
tion. Several groups have also developed complementary techniques, which are more suitable 
for certain types of stars, and in which the correlation function is computed with a reference 
spectrum instead of a binary mask, usually a median spectra derived from the whole time se- 
ries of spectra for that star. This has been done in the Fourier space [30, 54] or in the temporal 
space [5, 6, 8], to adapt the algorithm to very massive stars with very few broad spectral lines 
and to M stars with many blended lines respectively. There are also prospects to compute 
the RV more globally using Gaussian Processes [138]. A few typical amplitudes give an idea 
of the difficulty of this task. Solar line widths are typically 2 km/s for example, and faster 
rotators have line widths higher than 100 km/s, while a HARPS pixel is about 0.01 A (cor- 
responding to 600 m/s at 5000 A). For comparison, detected planets have amplitudes of the 
order of the m/s up to a few 100 m/s for the most massive ones, while the Earth is below 10 
cm/s only. 


2.3 Observational strategies 


Because RV surveys have been biased toward the search for exoplanets, the temporal sam- 
pling is not necessarily optimal for stellar activity. The sampling is usually very irregular, 
with a bad phase coverage of the stellar processes (for example of the rotational period). The 
sampling also affects the typical orbital periods which can be detected. This sampling results 
from various observational constraints such as telescope time allocation, the observability of 
the star, and the fact that few nights per year are available to observe a given star (visibility 
of the star and reasonnable airmass to observe it when visible). Large surveys have been 
implemented, with data publicly available in some cases, for example on the ESO archive for 
HARPS: old FGK main sequence stars [98, 160], old main sequence M stars [16, 122], A-F 
stars [18, 19], young M-F stars [56, 78]. These surveys are however often biased toward the 
less active stars in the considered category, with the objective to minimise the effect of stellar 
activity and maximise exoplanet detection rates. 

RV technique applied to exoplanet detection is not the only one to be affected by stellar 
activity, since this is also the case for photometric transits. However, although the stellar 
signal is present at all time in both cases, the planet contributes to the signal in a very different 
manner: it is always present in the case of RV, while this is the case only during the planetary 
transits for photometry, meaning that in the latter case, the light curves are most of the time 
free of the planetary signal, as shown in Fig. 13. It is therefore much easier to disentangle the 
planet signal from the stellar signal in this case (the transit depth can however be impacted by 
stellar activity, see lecture by G. Bruno, this volume). In addition, photometric light curves 
(from spatial missions such as CoRot, Kepler, or TESS) are always very well sampled, while 
RV samplings are extremely irregular and sparse, as illustrated in Fig. 13 for two typical time 
series. 

Stellar activity also affects the astrometric signal, but for massive planets to be detected 
with Gaia, the amplitude of the effect is completely negligible for solar-type stars. Future 
high-precision astrometric mission aiming to detect very low mass terrestrial planets will be 
sensitive to stellar activity however, but to a much lesser extent than radial velocities for 
similar stars and planets [79, 92, 113]. 
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Figure 13: Upper panel: HARPS RV data for HD564, from [126] reproduced with permission 
©ESO. Lower panel: example of a photometric time series with CoRot, showing the stellar 
variability superimposed to the transit of CoRot-2b, from [4] reproduced with permission 
©ESO. 


2.4 Complementary information: chromospheric emission 


When searching for exoplanets, observables which are sensitive to stellar activity but not to 
the presence of a planet are routinely produced in order to help disentangling a possible plan- 
etary contribution from the stellar signal. They are computed from the same spectra used 
to obtain RV (and are therefore simultaneous): FWHM (full width at half maximum) and 
quantification of the line shape variability (for example the BIS, defined as the difference 
between the positions of the bisector at two different levels). Another very widely used indi- 
cator is a measure of the chromospheric emission, strongly related to magnetic activity, such 
as the log, indicator, representing the emission in the Ca II H and K lines (at 3933 and 
3968 A): a first indicator is defined by the emission integrated over the center of the line nor- 
malized by the continuum (S-index). The photospheric contribution is then subtracted, using 
a calibration depending on B-V in the 0.6-1.2 range [130] and more recently for M stars 
[7]. This calibrated flux is then corrected by the bolometric flux [130] to allow to compare 
stars of very different spectral types, which leads to the routinely produced log R’,, indica- 
tor. The estimate of this indicator is likely to present uncertainties due to these calibrations, 
of the order of 0.05 for the average level of a given star [136], but its variability is more 
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Figure 14: Reconstruction of the solar integrated RV due to magnetic regions, due to the spot 
and plage contrasts (black) and including the inhibition of the convective blueshift in plages 
(red) made by [105], compared with a Earth signal (~ 9 cm/s, smaller than the thickness of 
the blue line). 


precise and very useful to identify the presence of magnetic activity. The chromospheric 
emission is strongly related to plages, i.e. bright magnetic area in the photosphere (and not to 
dark spots), as can be seen in solar images taken in the same wavelength band (BASS2000, 
http;//www.bass2000.obspm.fr/), as shown in Fig 12 (lower right panel), or for example the 
high spatial observation around a small solar structure [57]. The chromospheric emission 
can also be derived from other chromospheric lines, for example Ha, but the correlation with 
the log R’ g (as a function of time) is not always good [32], which could be due to stellar 
processes [104]. 


2.5 Effect of stellar variability on exoplanet studies in radial velocity: impact and 
challenges 


Stellar variability, due to various processes (mostly magnetism and photospheric flows as well 
as processes related to both categories), varies at different timescales: they will be detailed in 
the next section. Their impact on exoplanet observations can take different forms: 


e It can look like an exoplanet, and in the past led to exoplanet detection publications which 
were later invalidated. For example, the re-analysis [145] of the four planets detected 
around G1581 [97, 159] showed that planet d did not exist, and that the observed signal 
at its period was due to stellar activity. Another example is the publication of two Super 
Earths in resonance orbiting HD41248 using 62 points of public data [71], while the com- 
plete analysis by the PI of the observations [150] on many more points showed that one of 
the detections was due to stellar activity, while the other one did not exist. Most of recent 
publications take the presence of stellar activity carefully into account, using activity indi- 
cators as described in Sect. 2.4, although all mitigation techniques have limitations. This 
will be discussed in Sect. 4. The estimation of the false positive level is however a difficult 
issue [153]. 
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Figure 15: Overview of the different processes at play, due to magnetic regions (red), flows 
(blue), interaction between the two (purple), and gravitational redshift (green). Typical time 
scales correspond to the Sun. Granulation image: Pic du Midi Observatory; Flare: Ha image, 
Big Bear Solar Observatory; Supergranulation: Dopplergram MDI/SOHO; oscillations: ex- 
ample of a mode from the GONG project, NSO; differential rotation: NASA/Marshall Solar 
Physics; spot drawings: Scheiner, 1625; Evershed flows: photosphere image from Vacuum 
Tower Telescope, NSO/NOAO; meridional circulation flows: Fig. 1 from [93], reproduced 
by permission of the AAS; spot number vs. time from SIDC. 


e It can hide an exoplanet because of the strong additional signal. As an example, Fig. 14 
shows the reconstruction of the solar RV signal during cycle 23 [105], leading to the con- 
clusion that the inhibition of the convective blueshift in plages is dominating over the con- 
tribution due to the contrast of spots and plages: it has a long term amplitude of about 8 
m/s, which is two orders of magnitude higher than the Earth signal, hence a huge challenge. 


e It can affect planet characterisation, although this has been less studied. The estimation 
of the planet mass with RV techniques in transit follow-ups can therefore be noisier or 
biased. The presence of the stellar signal leads to significant uncertainties on the masses 
determined by RVs and possibly to some biases, which in turn will impact the estimation 
of the planet densities. It could also affect the Rossiter-McLaughlin effects, or planetary 
atmosphere characterization. 


3 Stellar processes contributing to radial velocities 


3.1 General overview 


Stellar activity varies on different time scales. Figure 15 shows a summary of the different 
processes at play, where the indicated scales are indicative of the typical solar case: they may 
be quite different for other spectral types or young stars. These processes are due to magnetic 
structures, to flows (in particular in the photosphere), to interaction between magnetism and 
flows, and to gravitational redshifts. At the shortest timescales, oscillations and granulation 
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Figure 16: Illustration of the line distorsion due to a dark spot and its impact on the RV 
estimation. 


play an important role, although granulation power extends to much lower frequencies, so that 
the notion of typical time scales is in fact ill-defined. They are followed by supergranulation, 
with a lifetime of the order of 1-2 days, again with a power spectrum extending to very low 
frequencies, including in the habitable zone range. Flares are sporadic features, with duration 
typically below one hour, often down to a few minutes. Spots and plages have a strong effect 
for periods close to the rotation period, with a complex power spectrum due to the presence 
of differential rotation and the finite lifetime of these structures, an amplitude which may 
vary over time (i.e. a modulation of the amplitude on long timescales, for example during 
the cycle due to the dynamo process, again showing that the notion of timescales is not well 
defined), and the presence of harmonics. The inhibition of the convective blueshift in plages 
is also rotationally modulated but has in addition a stronger impact at long timescales (cycle). 
The gravitational redshift could be due for example to stellar radius variation with the cycle, 
but the expected amplitude is very small [26]. In the following, I review in more details most 
of these processes. The Sun will often be used as a reference in this paper. I will provide the 
corresponding timescales and spatial scales, and describe how they are expected to depend 
on spectral type. 


3.2 Spot and plage contrasts 


When rotating across the stellar disk, (dark) spots and (bright) plages change the flux coming 
from areas of the surface corresponding to different Doppler shifts (due to rotation), i.e. from 
blueshifted regions to redshifted regions, as illustrated in Fig. 16. As a consequence, the line 
is distorted at different positions in the spectral line with time (the same principle is used in 
Doppler imaging or Zeeman-Doppler imaging techniques, when the high rotation rate allows 
to use this information to reconstruct low resolution maps!). When measuring the RV from 


'See for example http://www.astro.uu.se/~oleg/ and http://www.astronomy.ohio- 
state.edu/~johnson.7240/#tomographygallery . 
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the line profile (or the CCF), the RV is then biased: for example, in the case of a dark spot, 
RV varies from a redshift to a blueshift, crossing a velocity of 0 when the spot is on the 
central meridian. It is reversed for plages (with a slightly different shape due to the position- 
dependent contrast of plages). When several structures at different longitudes are present and 
visible at the same time, the contributions from all these spots are therefore partially can- 
celling each other, producing a complex variability. The resulting RV is therefore a residual 
between the different contributions, which may lead to degeneracies when attempting to fit 
this signal. 

In the solar case, the root-mean-square (hereafter rms) of the RV is of the order of 0.3-0.4 
m/s for both spots [77], plages [105], and the sum of the two (due to partial cancellation). 
Peaks reach 1-2 m/s when the Sun is very active. The rms of the signal is higher during cycle 
maximum compared to cycle minimum. The signal is mostly present around the rotation 
period P,,, and at the P,,/2 harmonics. Due to the significant differential rotation and the 
finite lifetime of structures, there are many peaks around the rotation period, covering a large 
range in period, and their amplitude strongly varies with time. The bisector also strongly 
varies with RV. RV are strongly affected by inclination [40], since it is related to the projected 
rotational velocity, and by wavelength [156], since it is a contribution due to the contrasts. 
The impact of wavelength is illustrated in Fig. 17. The presence of strong magnetic fields also 
affects the measurements due to the Zeeman effect [141], which should be more important in 
IR compared to the optical. 

For stars differing from the Sun in spectral types and ages, we expect spot and plage 
properties to differ from the solar ones. We first consider the properties of individual spots. 
A number of trends have been identified. First, the ratio between the plage and the spot 
filling factor (around 10 for the Sun) is expected to depend on age, with spots dominating 
for young stars [87, 136]. Spot and plage modelling of photometric light curves of young 
stars also showed a plage-to-spot ratio of the order of unity [e.g. 84]. The spot temperature 
contrast, which is also an important parameter to determine the impact on the final RV, has 
been found to increase with increasing stellar effective temperature, from both observations 
[12] and recent models [132], although they exhibit a large dispersion. The plage contrast is 
more complex because it depends on u (cosine of the angle between the normal to the surface 
and the line-of-sight): the contrast is very low at disk center, and is increasing toward the 
limb, so that the plage contribution is much larger close to the limb. Models show that the 
contrast increases toward more massive stars, and also depends on magnetic field [128, 129]. 
On the other hand, the size and lifetime of stellar spots and plages however is not known. 
Lifetimes are expected to increase toward less massive stars, because of the lower convection 
level [leading to a weaker decay see 22, 55, and references therein], and a similar trend has 
been observed from Kepler data [55]. Furthermore, very long lived spots have been observed 
on M dwarfs, up to 1-2 yr, for example on GJ674 [17]. This is also the case for younger 
stars. The size dependence is not constrained however, because of the strong degeneracy 
between size and contrast, and between spots and plages. There may be some possibilities 
to derive such trends from in-transit spot modeling of light curves in the future, because the 
degeneracies are less present [e.g. 36, 151]. 

Another important consideration is the long term variability of stars, i.e. the modification 
in terms of activity level over time [for example the presence of cycles or more stochastic 
variability, see Mount Wilson survey e.g. 9] as well as the average level, related to the number 
of spots and plages. A useful observable to characterise these properties is the chromospheric 
emission (see Sect. 2.4). Most publications provide the average activity levels versus spectral 
type for a large sample of stars [for example 59, 60, 124]. Figure 18 shows recent results 
[21] for more than 4000 stars, which confirms the results from those earlier publications: for 
a given spectral type, a very large range of activity levels is covered (e.g. for G stars all 
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Figure 17: Upper panel: RVs vs. wavelength range (order) for different activity levels (the 
black one corresponds to a flare), the dashed line indicating the best-fit straight lines to each 
curve. Lower panel: corresponding Ha emission. From [156] reproduced with permission 
©ESO. 


activity levels are observed), and K stars show a lack of very quiet stars. The cycle amplitude 
also covers a large range for most spectral types, as shown in [89] for example [see also the 
adaptation of this relationship in 115], as illustrated in Fig. 19. 


3.3 Oscillations 


Oscillations such as p-modes affect RV, with many peaks having periods of a few minutes and 
amplitudes of typically 1 m/s for the Sun. The large amount of peaks defines a well-defined 
envelope [e.g. 73]. Because of their spectrum, they are easily averaged out [29, 51]. Their 
amplitude and frequency increase slightly with stellar effective temperature. In addition to 
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Figure 18: S-index vs. B-V of 4554 main-sequence stars, calibrated to the Mount Wilson 
scale. The black symbol represents the Sun during cycle minimum. From [21] reproduced 
with permission OESO. 


those modes, some specific additional modes could be present: [82] have observed sectoral 
modes on the Sun, with the main mode having an amplitude of 0.44 m/s and a period of 
16.19d (whose value depends on the rotation rate). For other stars, attention should therefore 
be given to the possibility for such modes to be present when attempting to detect low mass 
planets in this specific period range. More massive, young stars can show much more intense 
pulsations, such as 6 Scuti and y Dor, with longer timescales (minutes-hours or more). They 
can be of very high amplitude (km/s) and therefore critical to detect planets: this was for 
example the case for the detection of B Pictoris c [80], since B Pictoris exhibits many modes 
with periods around 30 minutes [74, 101]. 


3.4 The granulation 


Small scale convection (granulation) at the surface of the Sun has been identified and studied 
for a very long time, while solar images with unprecedented spatial resolution obtained with 
the recently built Daniel K. Inouye Solar telescope allows to access many details of the cell 
structures, as illustrated in Fig. 20. Cells have a typical size of the order of 1 Mm and 
lifetime of 10 minutes, with a very large distribution of the values, leading to about 10° cells 
covering the visible disk. The flows are strong, of the order of 1 km/s (both vertically and 
horizontally). As a consequence, different realisations of those cells over the disk (i.e. at a 
given time) differ from one time to the other, so the average velocity is not equal to zero but 
exhibits a small residual which varies over time and is very stochastic. A recent review on 
the impact of granulation on RV has been made by [28]. The typical rms (root-mean-square) 
of these residuals has been found around 0.4 m/s from specific lines [53, 131]. A simulation 
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Figure 19: Semi-amplitude of stellar cycles Acyc (in 10ŸR!, x) vs. B-V (upper panel) and vs. 
log Ri,x (lower panel), derived from Lovis et al. (2011) after revision of the largest ampli- 
tudes, for different types of stars: B—V < 0.7 (black stars), 0.7 < B-V < 0.9 (red squares), 
and B-V > 0.9 (green triangles). From [115] reproduced with permission OESO. 


made by [114] gave a larger rms (0.8 m/s), while the simulation of [155] based on numerical 
MHD simulations for the Sodium line as in the observations of [131] provides a rms of 0.4 
m/s in agreement with those observations. The simulations of [28] on the other hand leads 
to a low rms, about 0.1 m/s, which may be due to the choice of magnetic field used in those 
simulations. 


Granulation also strongly affects line shapes from solar observations [e.g. 44] or from 
simulations [e.g. 11], and the line shape variability can in turn represent a useful indicator 
of the RV variability [28], although the amplitude seems to be small. The signal can be 


ll - Stellar variability in radial velocity 


maire 
SONGS 
| Fee 


AS, 


5 2% 2 Pf 
ci 


A g 
» € 4 i ahs 
4 ; 2 
Figure 20: Image of solar granulation from the Daniel K. Inouye Solar Telescope, taken at 
789 nm, showing details of about 30 km. Credit NSO/AURA/NSF. 


averaged to decrease its rms and its impact on exoplanet detectability [51]. The signal is 
however very difficult to average out completely [114], because of the specific shape of the 
power spectrum. The shape of the power spectrum of the granulation contribution has been 
modeled by [63] by a simple function, with a strong slope at high frequency, and a plateau 
at low frequency, meaning that they can significantly contribute to the power at all periods 
of interest for exoplanet searches. This is illustrated in Fig. 21. As a consequence, the rms 
as a function of the size of the temporal bin reaches an inflexion point around 1 hour, at 
which point the rms is divided by a factor of about two, then the decrease of the rms RV is 
extremely slow if we average over longer timescales (Fig. 21). Furthermore, the way the false 
positive are usually estimated may be biased [153], and [154] proposed to use a standardized 
periodogram to improve the analysis of this contribution. 


Granulation amplitude strongly depends on many stellar parameters, such as temperature 
and mass, but also log g and metallicity. The velocity field increases with effective temper- 
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Figure 21: Solar power spectrum from GOLF/SOHO of a subset of ~91 days, with a fit of 
the p-mode envelope (blue), supergranulation (blue-gray), granulation (pink), photon noise 
(green) and sum of the Harvey function for granulation and supergranulation (red). From 
[85] reproduced with permission ©ESO. 
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Figure 22: Rms of the smoothed granulation signal (in red) vs. the size of the binning box, 
while the rms of the residuals are in green. The horizontal dot-dashed line is the level ex- 
pected from ESPRESSO/VLT. From [114] reproduced with permission ©ESO. 


ature from numerical simulations [2, 11, 31, 90, 91, 157, 158]. The same trend is observed 
from observations, using convective blueshift (see below) estimations [58, 119, 120] and fits 
of the Harvey’s function to observed power spectra for a few stars [51]. 


3.5 Supergranulation 


In addition, flows at a larger scale than granulation are observed on the Sun, called supergran- 
ulation, also observed in the photosphere. Reviews on supergranulation can be found in [143] 
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Figure 23: Left panel: Solar dopplergram from MDI/SOHO for a quarter of the solar disk, 
after averaging and subtraction of the rotation component, to exhibit supergranulation. Right 
panel: supergranulation flows and network concentration on the edge of a supergranule, from 
[146] reproduced with permission ©ESO. 


and [144]. Supergranules are cells of the order of 30 Mm, with horizontal flows of the order 
of a few 100 m/s and very low vertical flows (below 30 m/s).These flows can be observed 
using Dopplergrams, as illustrated on the right panel of Fig. 23. These flows advect the mag- 
netic network toward the edges of the cells (left panel) and can therefore be observed using 
chromospheric emission maps or magnetograms exhibiting the network, or by tracking gran- 
ules to reconstruct the flows. The integrated RV is less well constrained than for granulation, 
but the principle is the same and due to the different realisations of the cell pattern over time. 
The flows are weaker, but there are also much fewer cells (a few thousands) and therefore we 
expect the residual to be important as well, while there is no photometric counterpart [e.g. 
121]. [114] obtained a range of 0.3-1.2 m/s for the Sun, while [131] observed a rms of 0.78 
m/s in a specific line. An example of time series comparing granulation and supergranulation 
following the Harvey laws are shown in Fig. 21. The resulting signal is much more difficult 
to average than granulation [114, 115] because of the longer timescale involved: an aver- 
age over | hour does not change the rms at all. [111, 115] showed that supergranulation is 
more problematic to detect low mass planets (like the Earth) at long orbital periods (habitable 
zone), because of the amplitude and the low frequency power. 

It is difficult to quantify how supergranulation varies with spectral type, especially since 
the origin of supergranulation is not well understood. [51] performed fits of the Harvey 
function for a few stars observed by HARPS, but the sample is too small to derive a trend. 
[113] scaled it to granulation amplitude because [146] showed that supergranulation appears 
to be related to the behavior of granulation (through the analysis of trees of fragmenting 
granules). 


3.6 Convective blueshift inhibition in plage 


Another effect of the presence of granulation is the convective blueshift [e.g. 44], due to the 
different contributions to the integrated spectrum over the surface coming from the bright up- 
flow areas of granules (large fraction of the surface, blueshifted) and from the dark downflow 
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areas (small fraction of the surface, redshifted). The amplitude of this convective blueshift 
for the Sun is about 400 m/s [see 140, for a recent estimation]. If the convective pattern is 
attenuated (with smaller weaker granules) by a different amount over time, for example in 
magnetic plages, the resulting convective blueshift is modulated, with a net redshift at time 
when there are more plages compared to a quiet star. This leads to a modulation of the RV 
at the rotational period (as plages cross the disk) and on the long-term (during the activity 
cycle for example, since the signal depends on the amount of surface covered by plages). The 
simulations of [105] showed that the resulting signal for the Sun over a complete cycle is the 
dominant contribution to the RV variation, with a long term amplitude of about 8 m/s. It also 
contributes significantly to the rotational modulation. The periodogram of the time series 
shows that it is responsible for a strong peak at the cycle period as expected, but also of large 
power in the habitable zone, which is significantly higher than the power due to a low mass 
planet like the Earth. For the Sun, [105] showed that the amplitude of the convective blueshift 
attenuation was much stronger in large plages (where the magnetic flux is higher) compared 
to smaller plages and small network features, with a ratio of about 6 between the maximum 
and the minimum [and furthermore small features show a weaker cycle dependence, 103]. 
Such a trend was also observed later by [123]. 

The convective blueshift has interesting properties which can be used to quantify this 
effect in other stars and also to develop mitigating technique. The most important one is that 
it depends on the line depth, with deep lines (formed higher in the atmosphere) exhibiting 
a much smaller convective blueshift than weak lines, formed higher in the atmosphere [e.g. 
44, 140]. This property has been exploited by [112] and [46] to propose different mitigating 
techniques based on spectral line selection (See Sect. 5.1). 

Several applications of this property have been made in various papers to stars other 
than the Sun [3, 42, 43, 81]. [58] used this property to compare the convective properties 
of different stars: he computed the position (which is then converted into a velocity) of the 
bottom of selected lines in a 100 A range as a function of the line depth and deduced that all 
stars showed a similar shape, i.e. a universal signature, which he called the third signature. 
Following this work, [119] and [120] assumed a direct relation between the shape of the signal 
and the amplitude of the convective blueshift for a large sample of spectral lines and a large 
sample of stars: this allowed to confirm the trend of the amplitude of the convective blueshift 
with spectral type. It also allowed to observe a dependence of the convective blueshift on 
the average activity level (for a given spectral type), showing that it was indeed weaker in 
active stars: an attenuation factor (characterising the attenuation of the convective blueshift in 
plages) could be deduced from this analysis, with a possible trend with spectral type between 
5400 and 6400 K. 


3.7 Evershed flows 


On the Sun, outward horizontal flows have been observed around sunspots and characterised 
for a long time (upper left image in Fig. 15). These flows are of the order of 1-2 km/s. If they 
are symmetric, a very small residual is expected after integration on the spot, but the resulting 
RV could be slightly higher, especially for large irregular spots. The effect has however not 
been quantified precisely [see 66, for discussions about photospheric flows associated to 
spots and active regions]. 


3.8 Meridional circulation 


Meridional circulation constitutes a contribution to the integrated RV which has not attracted 
much attention compared to other processes. It is a large-scale flow which, if variable with 
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Figure 24: Solar integrated radial velocity due to meridional circulation reconstructed from 
the observed latitudinal profile of [161], over two solar cycles, for pole-on configuration 
(first panel), edge-on configuration (second panel), compared to the activity cycle from the 
chromospheric emission S-index (third panel) and spot number (fourth panel). From [110] 
reproduced with permission ©ESO. 


time, should also lead to RV variability after integration on the disk. On the Sun, meridional 
circulation is a poleward flow, with a maximum amplitude in the 10-20 m/s range and vary- 
ing with the solar cycle. It has been studied for several decades using various complemen- 
tary techniques, such as Dopplergrams, magnetic feature tracking, or local helioseismology 
[52, 64, 70, 75, 76, 102, 127, 152, 162]. Converging flow patterns have also been observed 
in activity belts [86, 102, 164]. The first study estimating its impact on integrated RV has 
been made by [93], who performed a reconstruction of the solar variation, for the Sun seen 


39 


40 


Star-Planet Interactions — Evry Schatzman School 2019 


edge-on: the resulting contribution was however superimposed to other large contributions 
and therefore its precise behavior was not clear. [110] have therefore performed a new re- 
construction, based on the solar measurements made by [161] covering two solar cycles and 
for different inclinations between edge-on and pole-on. The resulting amplitude shows a 
significant variation with an amplitude over cycle 23 of the order of 2 m/s for the edge-on 
configuration and a few m/s for the Sun seen pole-on, with a reversal in sign between the 
two orientations for an inclination around 50°. The results are shown in Fig. 24. The impact 
on exoplanet detectability is therefore important, especially for the extreme configurations, 
while intermediate inclinations may be the most suitable in that respect. 

For other stars, the amplitude of meridional flows is decreasing for fast rotators [10, 23] 
and for low mass stars [23, 96]. [110] extrapolated the solar amplitudes of cycle 23 to a range 
of F6-K4 old main-sequence stars of various activity levels using the scaling laws from [23] 
and assuming a proportionality to the cycle amplitude. They found an amplitude between 
0.1 m/s for the most quiet stars and intermediate inclinations, up to 4 m/s for the most active 
stars. The amplitude should be much smaller than those results for fast rotators if they exhibit 
a multicell pattern as expected from HD simulations [61, 62, 96] however. 


3.9 Flares 


Flares produce a RV signal which is very stochastic and of very short duration. Because they 
are very localized on the surface and represent a small area, their impact is negligible for 
Sun-like stars. M dwarfs RV time series are often affected by flares however, because some 
of these stars are extremely active and exhibit very energetic flares: they appear as “outliers” 
superimposed to the RV time series with amplitude of up to a few 100 m/s. 


4 Approaches to the problem 


As shown in the previous section, there are many sources of stellar variability impacting RV 
at various timescales. Many of them are in the range 0.3-1 m/s for the Sun, with a complex 
behavior for solar type stars, while the activity patterns may be more stable for young stars 
or M dwarfs. Such a complexity is due to the activity pattern itself, the evolution and finite 
lifetime of the structures, differential rotation, degeneracies between some contributions and 
complex temporal variability. None of those contributions are strictly periodic. In practice, 
the analysis of RV time series is also affected by the temporal sampling since it is most of the 
time sparse and irregular. To deal with this complexity, several complementary approaches 
have been developed by many groups. I will first briefly review the mitigating techniques 
which have been implemented. Then I will discuss the approaches used to understand and 
quantify the contribution of the different processes to the RV measurements, and to test and 
improve mitigating techniques. 


4.1 Mitigating techniques 


Given the very serious challenge represented by the presence of the stellar activity contri- 
bution to the RV time series when searching for exoplanets, many techniques have been 
implemented over the last 20 years. They all contribute to remove part of the stellar signal 
although none of them so far allows to reach very low levels of residuals, although a system- 
atic analysis of the impact and performance is seldomly made. We list these approaches in 
Table 1. 
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Table 1: Summary of mitigating techniques. References indicate papers proposing the 
method or using it, but the list is not always exhaustive. For example, many analysis rely 
on the use of Gaussian processes and chromospheric emission indicators. (*) including con- 
vective blueshift inhibition in plages at the rotational timescale (**) including convective 
blueshift inhibition in plages at all timescales (***) including convective blueshift inhibition 
in plages at long timescales. 


Methods based on usual RV time series only 


Fits of sinusoids around Pyot spot and plage (*) [14] 
and harmonics 
Prewhitening of the signal at Prot spot and plage (*) [134] 
[65] 
Spot modeling spots and plages (*) [125] 
[47] 
[69] 
Averaging of the signal granulation [51] 
Periodogram standardization granulation [154] 
Methods based on activity indicators computed from the spectra 
Correlation with the bisector span spot and plages [135] 
[40] 
[15] 
Correlation with the chromospheric plages (**) [15] 
emission [50] 
[106] 
[145] 
[137] 
[83] 
[19] 
Use of gaussian processes based spots and plages (*) [137] 
on those activity indicators [48] 
[94] 
[37] 
PCA analysis spots and plages [38] 
Doppler imaging techniques spots [68] 
Methods based on RV time series computed from subsets of data 
Produce independent time series plages (***) [112] 
based on different sets of lines 
Use of selected lines with different spots and plages (**) | [46] 
sensitivity to magnetic field [35] 
Wavelength dependence of the signal spots and plages [156] 
and chromatic index 
Methods based on activity indicators obtained separately from the spectra 
Estimation of the RV signal using the spots [1] 
photometric light curve (FF’ method) 
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Figure 25: Results from the fitting challenge organized by [48], representing K/N (see text) 
for each team and all planets in five synthetic systems. The color flags indicate the status of 
the detection (or lack of detection): planet not detected (K/N<7.5 in blue, K/N>7.5 in white), 
planet properly detected (green), detected planet but wrong parameters (yellow if claimed, 
gray if probable), false positive or negative (red), probable detection but no planet injected 
(orange). From [48] reproduced with permission ©ESO. 


All these methods significantly reduce the stellar contribution to some level, but they 
never remove it completely. However, they also all have limitations and lead to crucial ques- 
tions. First, since none of them removes completely the stellar signal, what is their limit 
in terms of performance? Second, how reliable are the residuals: do they remove part of 
any planetary signal, do they add any spurious signal? There are many reasons for these 
limitations: 


e Strong degeneracies between the numerous processes are present, which make them diffi- 
cult to estimate. 


e Involved processes are very stochastic, with a very complex frequency behavior of the 
stellar processes, and contributions at all timescales. 


Il - Stellar variability in radial velocity 


e The models used in these methods are not perfect and do not describe with enough accuracy 
the processes (or do not include any physics at all), and do not take all processes into 
account. 


e Some parameters needed in those models are not always properly estimated, for example 
the rotation period, which cannot be uniquely defined for a given star because of differential 
rotation. 


Finally, the very sparse sampling and the presence of photon noise complicate the situ- 
ation. In addition, very recent results by [147] also show the possible contamination of RV 
measurement above the 10 cm/s level due to the Moon (solar light). We also note that in 
principle, some of these methods should provide interesting insights on stellar activity itself 
(such as the rotation period, properties about spots and plages, and on activity cycles), al- 
though they usually focus on exoplanets only and therefore on the residuals after subtraction 
of part of the activity contribution. 

The fitting challenge organized by [45] allowed to test some of these methods (8 teams 
participated to the challenge) on a few complex time series, most of them synthetic (see next 
section) in a blind test. The results are presented and discussed in [48]. The injected planets 
covered a very large range in period (~0.8-3400 days). Some of these methods allowed the 
teams to retrieve some planets well (mostly the techniques based on Gaussian processes) 
while other did poorly (no planet or wrong planet retrieval). The same was true for the 
retrieval of the rotation period. They also propose a criterion defined as K/N=Kpia WNovs/o, 
where Kyi, is the amplitude of the RV planet signal (which can be converted into a mass, 
providing an orbital period) and o is the RV jitter after a correction of the RV time series 
using a linear correction with log Rx and second degree in time polynomial fit. As shown in 
Fig. 25, they evaluate an approximate value of 7.5 for this criterion, above which the retrieval 
performance was bad and below which the performance was good in many cases. This shows 
that given current techniques, the retrieval of low mass planets (such as the Earth) in the 
habitable zone around solar type stars is not possible [as also shown by 107, on a large set of 
activity simulations using that criterion, see next section]. 


4.2 Simulations 


An important way to study in more detail the stellar processes affecting RV measurements 
and their impact are simulations. I define here three categories. Simulations involving a very 
simple magnetic configuration (typically 1-2 spots) for a given set of parameters and sim- 
ulations involving complex activity (spot, plage) patterns aiming at reproducing solar-like 
activity time series, have been implemented to reproduce the impact of magnetic activity. 
The general approach for these two categories is the following, although some of the steps 
can be omitted in simplified versions: at each time step, structures (spots, plages) are defined 
(position, size, contrast), localized on a map or not, with spectra associated to each contribu- 
tion from the surface, providing a final spectrum after integrating on the disk. This spectrum 
can then be analysed like an observed spectrum (after adding white noise for example, or 
extracting a certain sampling). A third category concerns photospheric flows. I review their 
objective and a few selected results below. 


4.2.1 Simulations with 1-2 spots 


The objective of simple simulations, i.e. with typically 1-2 spots, is to derive typical ampli- 
tudes and shapes for simple activity configurations, in order to understand and identify fine 
effects related to a single structure at the rotational timescale. When the star exhibits a simple 
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configuration, it can also be used to fit actual observations. Different tools have been imple- 
mented independently (list not exhaustive), such as SAFIR [40], SOAP and SOAP2 [13, 47], 
and Starsim [69] for this purpose. 

I list here a few representative results. [40] simulated a single dark spot (plage and con- 
vective blueshift inhibition were included later) and studied the impact of v sin i, inclina- 
tion, spectral type, and spot position, as well as the relationship between RV and BIS (see 
Sect. 2.4). The main results are the following: the BIS does not exhibit any temporal variation 
if the spectral resolution is low; there are regimes with significant stellar RV variations but no 
BIS variations; the general behavior can be described as scaling laws depending on the instru- 
ment and spectral types; latitude and inclination strongly impacts the signal; and chromatic 
effects are observed as expected. They note that data inversion should be difficult to perform 
because there are too many parameters. [13] obtained similar results, but also studied the 
effect of latitude in more detail as well as the impact of the limb darkening function. They 
also performed a comparison with observations. Their model was improved in [47], with the 
addition of plages and in particular the inhibition of the convective blueshift. The spectra of 
the quiet Sun and of spots were used as inputs and they provide detailed temporal variations 
depending on various assumptions for those spectra. As an illustration of an application of 
the tool, the modeling is presented for two stars, one where a single plage is dominating («œ 
Cen B, plage size of 2.4% at a latitude of 44° and an inclination of 22°) and one where a sin- 
gle spot is dominating (HD189733, spot size of 0.8% at a latitude of 61° and an inclination 
of 80°). 


4.2.2 Simulations with complex activity patterns 


The objective of complex activity patterns is also to identify and study fine effects, but for 
more complex configurations at the rotation period as well as on long timescales (for example 
taking the variability of the activity level into account). It also allows to study detectability 
and characterization performance for solar-like stars using a systematic analysis (such as the 
impact of different samplings, tests of correction methods...) and to find new diagnosis to 
develop new correction techniques. This has been made for the observed Sun [67, 77, 93, 
105, 106, 117], for a simulated Sun [20] and then for other stars: for a few stars in the fitting 
challenge [45], for spots only [149] and for a large range of stellar parameters in a systematic 
way [107, 115, 116]. Results from the fitting challenge are presented above (Sect. 4.1). Here 
I focus on the approach described in this latter series of papers. 

The best characterised star is the Sun, and the manifestation of solar activity has been 
the subject of a huge effort from the solar community for decades. I first focus here on the 
manifestation of magnetic activity and in particular the contribution directly due to spots and 
plages (described in Sect. 3.2 and 3.6). The starting point of the approach was the question: 
if we were to observe the Sun from the outside, would we be able to detect the Earth given 
our current instruments and methods? The study focused on the system star-planet (or Earth- 
Sun) without the presence of additional more massive planets like Jupiter which would have 
to be taken into account for a complete solar system and which would be responsible for 
additional “noise”. The main principles of the approach were: 1/ use of our knowledge of the 
Sun and extending the analysis to other stars; 2/ simulations of complex activity patterns; 3/ 
systematic approach in terms of parameter space and performance evaluation; 4/ use of these 
simulations to find new diagnosis and improve correction methods. 

A first step was performed by reconstructing the solar integrated RV due to magnetic 
activity using actual observed structures (spots, plages) and a model [77, 105]: this allowed 
to study the Sun seen edge-on during cycle 23 and showed that the dominant contribution 
came from the inhibition of the convective blueshift in plages, with a long-term amplitude 
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Figure 26: Principle of the simulations performed in [20] for the Sun. The first step consists 
in generating spots and plages (position, size) at each time step based on various categories 
of empirical laws listed here. The second step generates the time series of observables. 


of the order of 8 m/s, i.e. two orders of magnitude higher than the Earth signal. This was 
illustrated in Fig. 14. This was confirmed with a reconstruction of the solar integrated RV 
from MDI/SOHO Dopplergrams [118], as well as from HMI/SDO Dopplergrams [67]: this 
is presented in Sect. 4.4. A model (Fig. 26) was then implemented to produce realistic sets of 
spots and plages in the solar case, based on empirical laws such as the solar butterfly diagram, 
the cycle shape, size distribution, plage-to-spot ratio distribution etc. [20]. RV time series 
were then computed from the list of structures as in the reconstruction made in 2010. This 
model allowed to study the dependence of the variability on inclination. At low inclinations 
compared to the edge-on configuration, the amplitude of the signal around the rotation period 
strongly decreases, although there is still some contribution present around similar scales due 
to the evolution and lifetime of structures. The long-term amplitude slightly decreases (due 
to the fact that plages, at low latitudes, cover a lower apparent proportion of the disk), but is 
still important (a few m/s). This step also allowed to be able to extrapolate this work to solar 
type stars, which was done in [115], described below. 


In [115], the extrapolation to solar-like stars was limited to F6-K4 stars and old main 
sequence stars [plage dominated regime 87] to select a regime where some of the solar pa- 
rameters would still be reasonable (Fig. 27). In that domain, for each activity level and 
spectral type, a number of parameters are explored to cover various configurations. Rotation 
rates for example depend on activity level and spectral type [95] while the amplitude of the 
convective blueshift inhibition can be deduced from the analysis of a large sample of stars 
[119, 120]. A good knowledge of stellar activity (observational and theoretical) is necessary 
to perform such simulations. The parameters which are explored within a range compatible 
with observations for each point in Fig. 27 are: rotation period, cycle period and length, spot 
contrast, and maximum latitude of the butterfly diagram. All laws are described and discussed 


in [115]. Other observables than RV were also produced: chromospheric emission log Rig, 
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Figure 27: Range of stars covered by the simulations of [115], extrapolating the solar simu- 
lation of [20] described in Fig. 26 to other stars. Parameters adapted to different stellar types 
and activity levels are indicated. 
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Figure 28: Example of time series produced by the simulations made in [115]. 
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Figure 29: Average local correlation between RV and log Ryg vs. the global correlation over 
a large sample of simulations. The color code indicates stellar inclination (from pole-on in 
yellow to edge-on in blue). From [116] reproduced with permission ©OESO. 


photometry [108], and astrometry [113]. An example of time series is shown in Fig. 28 (one 
realisation, edge-on configuration). 

The properties of the synthetic time series have been compared to other variables, for 
example photometry, and log R’,,, and to published RV jitter trends with spectral type [163, 
for example] in [107]. They show a good agreement of the trend, although the RV jitter 
is smaller in the simulations. In particular, they discussed the fact that given our current 
understanding of stellar activity, it is impossible to reproduce a jitter of a few m/s in the case 
of very quiet (log Ri g lower than -5 for example) stars, meaning that either the uncertainties 
has been underestimated in published RV jitters, or that an additional contribution (not stellar, 
for example planets, or stellar, such as meridional circulation) are present. However, there is 
a good agreement of the RV versus log Rig slope with the observations of [89]. In addition, 
Fig. 29 shows a comparison between the average local correlation (computation on small 
subsets of the synthetic time series, typically at the rotational timescale) between RV and 
log Ri, g» and the global one (computed over complete time series, i.e. dominated by the cycle 
of activity). This shows that although the long-term correlation is often close to 1, the local 
correlation can be much smaller. It also strongly varies for a given time series depending on 
the current activity level for a given time series. 

A simple analysis of the RV jitters allows to estimate the order of magnitude of the de- 
tection limits for this range of stars. Using the criterion proposed by [48] (see above for 
definition, K/N~7.5), a rough estimate of the typical mass which could be detected with cur- 
rent techniques can be performed. [107] show that with a low number of observations (100 
nights, representative of current ordinary time series), the minimum mass is of several Mgarth, 
and only for low mass stars (the threshold is above 10 Mgarn for F stars), with maximum 
values of several tens of Mean, for planets in the habitable zone. A 1 ME level can only 
be reached for a very large number of nights (several thousands over a long period) and low 
mass stars (K stars mostly). A more sophisticated approach will be the subject of a future 
work. 
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Figure 30: Left panels: example of smoothed synthetic time series (RV as a solid line and 
scaled log R},, as a dashed line, upper panels) and RV vs. log Rg (lower panels). The 
ascending phase of the cycle is in red and the descending phase in green and have a different 
behavior, as shown in [116]. Right panel: amplitude of the hysteresis vs. RV jitter for 
different inclinations (from pole-on in yellow to edge-on in blue), from [116] reproduced 
with permission ©ESO. 
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Figure 31: Physical processes leading to the hysteresis pattern observed in Fig. 30. The 
butterfly diagram (NASA/NSSTC/HATHAWAY) leads to a change in average u with time, 
which depends on inclination. The average u vs. cycle phase and RV vs. time are from [116] 
reproduced with permission OESO.. 
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Figure 32: Gain in rms (on the smooth synthetic time series) for four different inclinations, G2 
stars, with a standard correction method (linear correlation in log R},,,) and the new method 
taking the combined effects of the butterfly diagram and projection effects into account. From 
[116] reproduced with permission ©ESO. 


Finally, [116] have shown that this type of approach can be used to improve correction 
techniques. A widely used method to remove part of the stellar signal is to apply a linear 
correlation between RV and log Rix [e.g. 15, 19, 41, 50, 83, 137, 145]. It is well known 
that it is not perfect [e.g. 117], but it allows to remove a significant part of the signal when 
the inhibition of the convective blueshift is dominant, because both are strongly correlated 
with the plage filling factor. These simulations put a departure from the linear correlation 
into evidence, and are useful to understand why there is such a departure and improve the 
correction techniques. This is illustrated in Fig. 30: the long-term variation shows a different 
relationship during the ascending phase of the cycle and during the descending phase. This 
is due to two effects related to the geometry, the dynamo processes and surface processes 
(Fig. 31): 1/ the butterfly diagram (activity pattern as a function of time and latitude, shown 
in the upper left panel of Fig. 31) leads to a different average u over time: a decrease when 
the star is seen pole-on and an increase (to a lesser extent) when the star is seen edge-on, 
because the activity pattern moves from mid-latitudes to the equator during the cycle; 2/ RV 
and chromospheric emission suffer from different projection effects. This leads to a distortion 
of the RV time series with respect to the log Rpg time series, which could be corrected by 
using a correlation with the log R}, times a function describing the contribution of these two 
effects. The application of this technique led to a significant improvement of the long-term 
residuals in those simulations (Fig. 32). 
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4.2.3 Simulations of the small or large scale dynamics 


The simulation of photospheric flows has taken different forms in the literature. For merid- 
ional circulation, it has been performed using direct observations of the flows, i.e. the ob- 
served latitudinal profiles over time [93, 110]. For granulation and supergranulation, some 
simulations have also been based on properties deduced from hydrodynamical simulations 
for granulation and/or supergranulation by [114] using the simulations of [142], directly from 
those hydrodynamical simulations [24, 25, 27, 155], and from the Harvey’s law [109, 111]. 

For stellar meridional circulation [110] extrapolated the solar results using the results of 
[23] from MHD simulations. Some results have been presented in Sect. 3.4, 3.5 and 3.8 and 
are not repeated here. This type of approach allows to model synthetic RV time series, which 
can be used to characterize the amplitude of the contributions due to these processes, but also, 
as for magnetic activity, to test performance (detection rates, false positives) and to improve 
correction techniques. 


4.3 Stellar observations: simultaneous campaigns 


Another way to understand better RV time series is to perform simultaneous RV observa- 
tions with other observables. Spectroscopic indicators as described above (such as line shape 
indicators and log R’,, measurements) are widely used, but it is important to note that they 
are either noisy (bisector shape for example) or representative of one of the contributions 
only: chromospheric emission is mostly sensitive to plages and in the end representative of 
the convective blueshift inhibition contribution. The use of simultaneous photometry, which 
is sensitive to the contribution to the contrast of spots and plages is therefore particularly 
interesting to constrain better the different processes at play, altough it does not model all of 
them. [1] has for example proposed the FF’ method, to reproduce the RV signal due to spots 
(mostly for 1-2 spot configurations) from the photometry. Simultaneous measurements have 
therefore been done [e.g. 33, 88] for a few stars. Such coordinated campaigns, aiming at cov- 
ering well the rotation period for a good sampling, are very difficult to implement, because 
ground-based photometric observations are much noisier than from space and are subject to 
meteorological conditions, but they will be useful in the future to provide a complementary 
approach. The model derived from photometry is also incomplete due to the presence of other 
process in RV, as described in Sect. 3 [e.g. 67]. 


4.4 Observations of the Sun as a star 


Finally, as already pointed out in previous sections, our knowledge of the Sun is crucial to 
progress on these issues. Traditionally, there have been a lack of long-term stable integrated 
RV for the Sun, since most studies focused on observations with a good spatial resolution. 
[100] obtained an upper limit of 4 m/s using deep lines (which are not very sensitive to the 
convective blueshift contribution at small wavelengths), while [39] observed a peak-to-peak 
amplitude of 30 m/s in the infrared (2.3 um) and [72] obtained a large variability (30 m/s on 
the long-term, 20 m/s on the short-term) using the K 7699 A line. Later on, the reconstruction 
of the solar RV using Dopplergrams from MDI/SOHO by [118], whose objective was to 
reproduce the contribution of active regions (and mostly the convective blueshift inhibition 
due to the noise level), was compatible with simulations as described above, with a long-term 
amplitude of the order of 8 m/s, which confirmed the reconstructions made from observed 
structures by [105] and later by [67] from HMI/SDO. Other solar observations were then 
performed using an indirect approach by [83] (observations of Jupiter satellites, asteroids, 
and the Moon), with a variability compatible with those previous results. 
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A significant step has been made with the advent of “Sun as a star" observations using 
stellar high-performance stabilized spectrograph, the solar light being supplied to the spec- 
trograph through a coelostat and an integrated sphere. Even though this reproduces stellar 
observations, some adaptation in the data processing had also to be done due to the finite 
solar apparent diameter, which led to some spurious effects (differential effects due to the 
atmosphere for example). Such a device has been implemented on HARPS-N for the last 4 
years [34, 49, 133]: the Sun is observed about 6 hours per day with a 5 minute cadence. It 
has also been implemented more recently on HARPS in La Silla, or on Expres (Lowell obser- 
vatory) and several similar projects are on-going. Some results have already been obtained 
by [123]. The comparison with solar reconstruction from Dopplergrams and other indicators 
such as the unsigned magnetic field is also very promising [66]. 


5 Conclusion 


Stellar activity contributes to RV in a complex manner because of the large number of pro- 
cesses, covering a large range of time scales but also similar orders of magnitude. There is 
also a large amount of degeneracies between the different contributions. A large diversity is 
observed among stars of different spectral types and ages. It is however complementary to 
other observables (in particular because some contributions can be seen only in RV) and it is 
also crucial to understand stellar activity observed in RV given the challenge it constitutes to 
observe low mass planets. Techniques to push the limits to be able to detect low mass planets 
(like the Earth), and to characterise their mass, including at long orbital periods (habitable 
zone), will therefore have to be improved and be based on our physical knowledge of stellar 
activity to be able to control the residuals after correction. Recent studies also showed that 
there was still to learn about the Sun to fully understand its integrated RV. The development 
of highly performant instruments such as Espresso is critical to improve our understanding, 
because they allow to develop more sophisticated techniques, for example dependent on spec- 
tral lines for example (requesting high S/N even after computation on a subset of lines). A 
large wavelength coverage in the optical and infrared is also extremely promising. 

One important conclusion however if we want to be able to push the limits toward very 
low mass planets in the habitable zone is the fact that a huge number of points (> 1000) will 
be necessary to better take stellar activity into account, which could constrain future facili- 
ties. The fitting challenge organized by X. Dumusque [45, 48] or the complex activity pattern 
simulations [115, and following papers] also show that given the challenge and the complex- 
ity of stellar activity (especially its high level of stochasticity and the lack of independent 
activity indicators for certain contributions), it will be necessary to develop new techniques, 
and probably to combine them to be able to obtain robust results in terms of detection. 

In this context, it is also important to recall the other factors contributing to the difficulties 
of studying stellar activity in RV, in particular the usually very sparse and irregular sampling 
(apart for the Sun) and the fact that it could be superimposed to other contributions, and in 
particular undetected planets (or massive planets removed but with some uncertainties on the 
parameters): stellar activity strongly affects exoplanet detectability and characterisation, but 
the presence of exoplanets can also in turn impact stellar RVs! 

Finally, this topic is crucial for the preparation of the PLATO mission [launched in 2026 
139] and the exoplanet science that will be performed during the mission, since the primary 
targets are Earth mass planets in the habitable zone around solar type stars (using photometric 
transits): the RV follow-up of such detections will be complicated by the fact that current 
techniques do not yet allow to reach very precise mass estimation in such conditions, at least 
for Earth mass planets. A complete review of processes and tools is given in Watson et al. (in 


prep). 
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Artist’s impression the Kepler-11 system with its transiting planets. Copyright: NASA / 
Tim Pyle. Licensed under the Creative Commons Attribution-Share Alike 4.0 International. 
Source: 
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Abstract. From an observational standpoint, stellar activity poses a critical 
challenge to exoplanet science, as it inhibits the detection of planets and the 
precise measurement of their parameters. Radial velocity and transit searches 
revealed a significant fraction of exoplanet hosts is active, and showed the need 
to fully understand the different facets of stellar activity and its impact on ob- 
servables. Moreover, the activity correction is of prime importance for the de- 
tection and characterisation of Earth analogues. We present a review of the 
effects that stellar activity features such as starspots, faculae, and stellar gran- 
ulation have on photometric and low-resolution spectroscopic observations of 
exoplanets, and discuss the main aspects of the techniques which were devel- 
oped to reduce their impact. 


1 Introduction 


Our understanding of planetary systems is rooted in the knowledge of host stars’ parameters 
and characteristics. Starting from the protoplanetary disc phase, stellar properties affect the 
types of planets that will form, as well as their composition (e.g. [102, 112]). As systems 
age, dynamical and magnetic interactions, together with stellar irradiation, are thought to 
importantly affect the evolution of planetary bodies (e.g. [94]). 

The precision obtained on stellar parameters also has a direct impact on the measure 
of planetary parameters, namely their masses and radii, which are derived relatively to the 
same parameters of their hosts (e.g. [146]). In turn, the masses and radii of exoplanets are 
necessary to calculate their mean densities, model their interiors, interpret their transmission 
spectra and compute atmospheric pressure scale heights (e.g. [34, 53, 67, 153]). 

While from one side stellar parameters must be determined with high accuracy and preci- 
sion, stochastic stellar brightness variations also hamper the precision on measured quantities 
and prevent a correct determination of planetary parameters and properties. This might result 
in biases in planetary radii, masses and atmospheric composition. 

In this review, the issue of stellar activity from the point of view of photometric and low- 
resolution transit observations is presented and discussed. In Section 2, we introduce some 
of the main stellar activity indicators which are used for exoplanet surveys. In Section 3, 
we show some benchmark cases of active stars observed in the context of exoplanet transit 
surveys, as well as the main techniques used to constrain the properties of starspots and 
faculae from observations. Sections 4, 5, and 6 are dedicated to the effect of stellar activity 
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Figure 33: Illustration from Galileo’s Istoria e dimostrazioni intorno alle macchie solari 
e loro accidenti (“History and Demonstrations Concerning Sunspots and Their Properties”, 
or “Letters on Sunspots”), 1613. Downloaded from Encyclopedia Britannica [128, https: 
//www.britannica.com/science/sunspot]. 


features on transits observed in photometry and low-resolution spectroscopy, and the impact 
of stellar granulation is the focus of Section 7. Section 8 presents some conclusions and 
perspectives which can be drawn from what we have learnt so far. 


2 Solar and stellar activity observations 


The first observations of stellar brightness variations come from the best-studied star we 
know, the Sun. Hints of the presence of darker regions on the solar disc, which we now 
call “sunspots”, were recorded in China around 800 BC. In the western world, we can find 
the oldest records in the drawings in John of Worcester’s Chronicles, dating 1128. Thanks 
to the pioneering use of the telescope for astronomical observations, Galileo Galilei spotted 
inhomogeneities on the solar disc and recorded them on a plate dating 1612, as shown in 
Figure 33. The observation of stellar activity phenomena in the visible part of the spectrum, 
which were later extended to a broader range of wavelengths, enabled also the first detection 
of a solar flare by R. C. Carrington in 1859. 

Pioneering spectroscopic observations of Call H&K line emission at 393 and 397 nm 
in solar-type dwarfs were obtained by [124, 180]. Time variations were shown for other 
spectroscopic lines (e.g. [97]), such as Ha. Figure 34 presents Call H&K lines of a non- 
active and an active solar-type star, whose spectral line core is affected by strong emission, 
seen as an indicator of stellar magnetic activity. These activity-related features revealed a 
dependence of the chromospheric activity level on the spectral type and the rotation period 
of the star [182]. Main-sequence cool dwarfs have their rotation braked due to the loss of 
angular momentum through a magnetised stellar wind. Hence, rotational velocity generally 
decreases with age, as well as activity [63, 143], even if cases were detected of possible 
weakened magnetic braking and anomalously rapid rotation at old ages [174]. All in all, 
chromospheric activity is often used as an indicator of age (e.g. [110, 127]). 

Photometry also provides indications of time-dependent, stellar brightness variations due 
to the passage of dark starspots and bright faculae across stellar discs. The amplitude of such 
variations clearly correlates with spectroscopic indicators (e.g. [9]). Additionally, observa- 
tions provided evidence that the level of activity decreases with stellar age, corresponding 
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Figure 34: The Call H and K lines in the SOPHIE spectrum of a non-active (top) and active 
(bottom) star. From [29] (their Figure C.1), reproduced with permission OESO. 


to a transition from spot-dominated to facula-dominated stars [98, 133, 137, 139, 155]. In 
this regard, our Sun belongs to the category of weakly-active stars [99]. Photometric modu- 
lations are observed on various time scales, from days or tens of days — indicating starspots 
and faculae brought about by stellar rotation — to months or years — revealing the evolution 
of the brightness dishomogeneities pattern on the stellar disc, activity cycles, and variations 
in the stellar disc coverage of activity features, or “filling factor” ([119]). This information 
enables placing constraints on stellar rotation rates, and on the distribution and evolution of 
activity features, and is therefore particularly helpful to understand the underlying dynamo 
mechanism across different spectral types (e.g. [25, 26, 30, 35, 68, 71, 90, 154, 165, 166]). 

In order to monitor daily photometric variations, ground-based observations are however 
not sufficient. Day-night alternation forces continuous interruptions, with adverse weather 
and difficulty to obtain continuous, long-term telescope time worsening the issue. In or- 
der to assess the impact of stellar brightness variations on transit observations, long-term 
uninterrupted monitoring is necessary. Hence, both exoplanet and stellar activity science 
greatly benefited from the launch of space telescopes dedicated to ultra-high precision and 
long-duration photometric observations, and better characterised the time scales concerned 
by stellar activity features (e.g. [11, 30]). Table 2 gives a summary of these space-borne 
telescopes. 


3 High precision photometry 


Space missions provided ultra-precise long-duration observations of hundreds of thousands 
of star, covering nearly all spectral types. However, even for the more than four year-long 
duration of the Kepler observations, the duration of these missions is too short to cover the 
entirety of a stellar cycle (which, for the Sun, lasts about 11 years). Despite the limited tem- 
poral coverage, it was possible to observe a wide variety of brightness variation patterns and 
to connect them to stellar types. Figure 35 juxtaposes some light curves of the Sun to those 
of some Kepler stars grouped by activity level. Comparative studies of this kind placed the 
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Telescope Precision Time sampling mag limits Sample size | Reference 
[stars] 
SOHO/VIRGO < 10 ppm/min 60s - The Sun [61], 
photon noise [60], 
[79] 
MOST ~ 100 ppm/hr 1-60s 04<V<6 5000 [178] 
CoRoT 700 ppm/hr 32 or 512 s 11.5 < V < 16 170000 [8] 
Kepler/K2 80 ppm/hr 59 s or 29 min T<K,<17 ~ 170000 [86] 
TESS 60 ppm/hr 120 s or 30 min 4<V<12 > 200000 [140] 
CHEOPS 50 ppm/hr 1.05 - 60 s 6<V<13 > 600 [33] 
PLATO 27 ppm/hr (goal) 2.5 or 25s 8<V< 16 > 10° [138] 
Ariel 10-100 ppm/hr (goal) - bright stars ~ 1000 [169] 


Table 2: Space missions dedicated to ultra-high precision stellar photometry and spectropho- 
tometry. 


Sun among weakly-active stars, or in a transition phase between active and non-active stars 
[16, 17, 27, 31, 167]. Moreover, observations on as much as ~ 10° stars confirmed expecta- 
tions that cool, mainly convective stars exhibit larger photometric variations (e.g. [64]). 

This flux modulations observed in long-term and continuous light curves can reveal sur- 
face feature topologies and properties. As an example, Figure 36 shows the light curve of 
CoRoT-2, hosting one of the first exoplanets discovered by the CoRoT mission. From pho- 
tometric amplitude variations, the size and brightness contrast (i.e., temperature) of starspots 
and faculae can be extracted. Deviations from a simple sinusoidal shape, which would be 
an indication of a single activity feature, increase as the number of stellar activity features 
increases and as their shape gets more complex. We have to remember, however, that we are 
not able to resolve the stellar disc, so that we cannot distinguish between large stellar activity 
features and agglomerations of smaller features. In addition, the complex inter-dependence 
of rotation, differential rotation, and the magnetic field-induced features that evolve in time, 
produces degenerate cases that hamper the inversion (e.g. [116]). Despite this, long-term data 
series that allow a time coverage of a few stellar rotations have triggered new developments, 
bringing new insights into the configuration and evolution of starspot and faculae, but also 
key constraints on the stellar rotation period and differential rotation. 


3.1 Stellar rotation periods 


Spots or inhomogeneities on the stellar surface are dragged away by the rotation of the star, 
resulting in a modulation of its brightness over days or tens of days. This modulation can be 
used to infer its rotation period, and was taken advantage of by photometric surveys which 
made large samples analyses possible ([e.g. [1, 16]). 

By applying the autocorrelation function (proven to be more robust than the Lomb- 
Scargle periodogram for this kind of problem), [109] were able to measure the rotation period 
of more than 34 000 stars, over a sample of more than 133 000 stars. Among other conclu- 
sions, they reported an increase of the rotation period with decreasing stellar mass and tem- 
perature, broadly consistent with the stellar spin-down law. Their findings, later expanded to 
an even larger sample (e.g. [95, 145, 149]) also suggest that cooler stars are more evenly cov- 
ered in brightness inhomogeneities such as starspots — a factor that is particularly crucial to 
discern the effect of stellar activity on exoplanet transits. This aspect will be better explored 
in Section 5. 
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Figure 35: Examples of solar light curves (upper left) compared with sample Kepler light 
curves for solar-like (upper right), quiet (lower left), and spotted (lower right) stars. The 
normalised light curves are offset with respect to each other for clarity. Solar light curves 
are coloured in red, and Kepler light curves in black. In each panel, a solar light curve is 
shown for comparison. An offset was applied to each light curve. From [16] (their Figure 2). 
Reproduced by permission of the AAS. 
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Figure 36: The light curve of CoRoT-2, where the transits of the planet are evident as vertical 
flux drops. In cases like this, the out-of-transit stellar flux cannot be determined with high 
confidence. Credit: [6] (their Figure 1), reproduced with permission ©ESO. 
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Figure 37: Left: Geometric representation of a planet (black) transiting in front of a group of 
active regions (red). The axes denote the position on the star, normalised to the stellar radius, 
and are centred on the centre of the stellar disc. Right: Corresponding normalised light curve. 
From [111] (their Figure 2). 


3.2 Stellar surface reconstruction 


Knowledge on the distribution of stellar surface inhomogeneities can provide very valuable 
insights on the amount by which transit parameters are affected. Luckily, photometric light 
curves encode information on the distribution and temperature of such features. The complex 
problem of light curve inversion has been tackled in a number of ways, since much earlier 
than it became relevant to exoplanet science (e.g. [38, 56, 141, 175]). Here we report some 
of the main approaches that have been used in the literature. 


e Analytic models describe the stellar disc as the visible part of a sphere emitting a total 
unit flux, from which the contribution of darker (or brighter) regions with circular shape 
is subtracted (or added) to calculate the light curve [23, 38, 54, 57, 77, 82, 111]. Usually, 
brightness inhomogeneities are distorted according to their projection at a given stellar lon- 
gitude and latitude. Other parameters can be tuned, such as the inclination of the stellar 
rotation axis, the stellar rotation period, or the stellar limb darkening coefficients. Such a 
“forward” model is then implemented in a Markov Chain Monte Carlo (MCMC) algorithm 
(or its variations, such as Nested Sampling) to find the posterior probability distributions 
for the model parameters (e.g [36, 77, 82]).! 

An analytic model requires only a fraction of a second to be calculated and, in principle, 
there is no limit to the number of stellar activity features that can be modelled. Clearly, the 
more complex the model, the longer the computation time required to reach convergence. 
It is then often desirable to adopt some simplifications, as degenerate cases among param- 
eters might hamper the convergence of the chains. In particular, not all models allow the 
modelling of planet-starspot occultations, which provide stong constraints on the active re- 
gion distribution along the transit chord (see Section 4.2). Dedicated modelling approaches 
were developed for this specific problem [23, 80, 111, 150, 171]. As an example, Figure 


l Among publicly available codes: macula (https://github.com/davidkipping/MACULA, [82]), KSint (http: 
//eduscisoft.com/KSINT/, [111]), Prism (https://github.com/JTregloanReed/PRISM_GEMC, [171]), and TOSC 
(http://slInweb.oact.inaf.it/tosc/, [150]). 
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37 represents the modelling of a planet occulting a particularly complex combination of 
bordering active regions. 

However, observations provide no constraint on some of the parameters. To overcome this 
issue, the temperature of the features can be fixed by adopting results from the literature 
(e.g. [26]), or the stellar rotation axis can be fixed when there is no constraint on such pa- 
rameter. Moreover, a large number of starspots or faculae might overcomplicate the model, 
and prevent a proper sampling of the parameter space by the MCMC. 


e Alternatively, the stellar visible disc can be modelled with a grid of hundreds of elements, 

and the contribution of each cell to the total flux can then be evaluated. This allows the 
modelling of complex shapes for starspots and faculae, but is computationally very expen- 
sive (e.g. [28, 1251)? 
The activity feature distribution can be retrieved in different ways. One is Maximum 
Entropy Regularisation, where the brightness contrast (or the effective temperature) of 
starspots and faculae for each cell of the grid is fixed, and a functional that models the 
light curve given the filling factor f of the cells (i.e., their fraction covered by activity 
features) is minimised: 


® = x*(f) - AS(f), (19) 


where y? is the usual chi-square, S is the entropy functional (a function describing the 
complexity of the model, so that more complex models are penalised) and 4 is a Lagrange 
multiplier. Despite the large number of free parameters, stable solutions can be achieved 
with this method, which retrieved active longitudes from some CoRoT and Kepler light 
curves of exoplanet-host stars (e.g. [92, 93]). Figure 38 shows the reconstruction of the 
active region distribution using the light curve of Kepler-17 [92]. Another option is to 
use a relatively small number of cells to describe the stellar disc: this allows one to adopt 
variations of the y? statistics, or even MCMC algorithms to achieve the best fit (e.g. [74, 
170, 181)). 


3.3 Stellar differential rotation and starspot evolution 


In order to reconstruct the properties of the stellar dynamo and the generation of magnetic 
fields in the stellar convection zone, efforts have been directed to collect information on the 
variation of the stellar rotation period at different stellar latitudes (e.g. [12, 32, 85]). This 
variation can be expressed as 

Q = Qo — AQsin? y, (20) 


where y is the stellar latitude, Q the rotation rate at the stellar equator and AQ the variation 
of the rotation rate between the stellar pole and the equator. The “shear” œ = Qo/AQ is one 
way to express the deviation of stellar rotation from the one of a rigid body, and is equal to 
0.2 for the Sun (AQ, = 0.055 rad day !). 

A variety of methods exist to estimate differential rotation from photometry and spec- 
troscopy (e.g. [26, 91, 120, 144]). The advent of space-borne high precision, long-term pho- 
tometry added a powerful resource, both for the quantity of continuous data (e.g. [64, 88]), 
allowing to precisely track stellar rotation periods as a function of stellar latitude, and to 
asteroseismology [21, 24]. Here we discuss the example of [50], who applied a starspot 
modelling technique to reconstruct the longitudes and radii of starspots on the Kepler light 


?In particular, the SOAP 2.0 code [28, 125] allows such a modelling, and is discussed in other proceedings of 
the EES2019. The code was presented by M. Oshagh at the school (https://ees2019.sciencesconf.org/resource/page/ 
id/9) and can be downloaded at http://www.astro.up.pt/resources/soap-t/ (installation instructions at https://ees2019. 
sciencesconf.org/resource/page/id/8). 
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Figure 38: Reconstruction of the active region longitudinal distribution (x-axis) using hun- 
dreds of days of Kepler-17 photometric data (time on the y-axis). Modified from [92] (their 
Figure 9). The colours, from blue to orange, indicate an increasing filling factor, and identify 
active longitudes. Overplotted in white, the active region distribution identified by [172] us- 
ing occulted starspots (see Section 4.2). Reproduced with permission OESO. 


curve of the M dwarf GJ 1243. Using 5 days-long sliding windows and an MCMC sam- 
pler, they derived longitudes and radii of two starspot features: a high-latitude feature for 
over 6 years of observation, and a low-latitude feature evolving in both size and longitude 
over hundreds of days. For this second feature, they measured a differential rotation rate 
AQ = 0.012 + 0.002 rad day”! and a shear a = 0.00114, one of the lowest values measured 
for cool stars. The phased light curve map is illustrated in Figure 39. 

However, light curve modulations are degenerate with respect to the latitude of stellar 
activity features, so that these parameters were fixed during the modelling. As discussed in 
Section 4.2, the occultation of starspots and faculae during transits allows setting constraints 
on their latitudes, and hence provides significant information for better understanding the 
dynamo of the host star. Starspot and, for the first time, facula occultations were used to 
derive the differential rotation rate of a young solar-type star, Kepler-71, by [183]. The result 
of AQ < 0.005 rad day~!, much lower than that of the Sun’s, describes a rigidly rotating star 
which is set apart from solar-type stars at a similar evolutionary state. 

Another major limitation when trying to estimate the configuration of activity features 
is the description of their evolution, as most of the usual models are stationary. One way 
to address this issue is to split the light curve in chunks and to model them with different 
distributions of starspots and faculae [50, 89, 158]. Indeed, stellar activity features do evolve 
in time, and characteristic laws can be used to describe their growth from first appearance 
to maximum size, permanence at maximum size and decay until disappearance (e.g. [30, 
82, 117, 148, 173]). With a starspot and facula model including feature evolution, longer 
segments of the light curve can be modelled and the lifetime of individual features (or groups) 
can be inferred (e.g. [36, 116]). 


4 Planetary transits and stellar activity features in photometry 


Stellar activity directly affects planetary transits in different ways, as spots and faculae leave 
their imprint on both their depth and shape. This impacts the observables used to derive the 
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Figure 39: Reconstructed light curve map of GJ 1243, from [50] (their Figure 5). The x- 
axis corresponds to the observation date, and the y-axis to the stellar rotation phase. The two 
retrieved starspots are marked in orange and purple. The orange pattern represents the higher- 
latitude, more stable starspot, and the purple one indicates the lower latitude feature migrating 
in longitude because of differential rotation. Reproduced by permission of the AAS. 


radius of an exoplanet, and as such it is of crucial importance to disentangle them from any 
kind of contamination. 


4.1 Effect of non-occulted activity features on the transit depth 


Variations in the apparent transit depth are caused by changes in the out-of-transit stellar 
brightness. If Fou is the out-of-transit stellar flux and Fin the in-transit stellar flux (both at 
the centre of the transit), the transit depth is defined as 


2 
Fou — Fi 
D= out 2 -(2 , (21) 


where r, and R, are the planetary and the stellar radius, respectively. If the star is covered by 
activity features, Fout — Fin remains the same, but Fout changes with time: in particular, if it 
decreases (increases) because of starspots (faculae), the transit depth will increase (decrease). 
Brightness variations are partly accounted for by fitting the out-of-transit flux in proximity of 
the transit edges with a low-order polynomial, and by computing its value along the transit. 
The relative effect is more remarkable the larger the brightness modulations are, and the 
smaller the planet is. Variations can span from a few 10* ppm to a few percent [49], with 
considerable consequences on the inferred planetary properties (such as its internal structure 
and composition, e.g. [176]). [49] suggested that a different quantity than the transit depth 
should be adopted in order to minimise the effect of stellar brightness variations. In their 
notation, f = Fou — Fin, n = Fou, and the proposed metric is 


p 


D 


+1, (22) 
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where p is the value of the stellar photometric flux unaffected by starspots or faculae. The 
problem with this expression, however, is that the contribution of faculae to the stellar flux is 
not known a priori, so that the value of p cannot be deduced from observations nor theory. 

Another way to estimate the out-of-transit stellar flux is via the use of starspot and facu- 
lae modelling. If observations covering a few stellar rotations are available, the distribution 
of starspots and faculae, as well as their brightness contrast (i.e., effective temperature) can 
be reconstructed up to some level of confidence, and Fout at any intermediate time can be in- 
ferred. The precision on this value depends on the uncertainty on the retrieved activity feature 
distribution and its degenerate solutions. One can remove the transits from the light curve, 
describe the out-of-transit flux with one of the models outlined in Section 3.2, and use this 
value for the in-transit flux at any given time. Alternatively, models enabling simultaneous 
simulations of both activity features and transits can be fitted to the entire light curve. In this 
way, constraints on both the transit and the activity feature parameters can be obtained, and 
the need for transit normalisation avoided [36]. The price for this is a considerable increase 
in computational and model selection effort for the transit fit. 

A third option, which has recently gained popularity, is to apply a Gaussian process (GP) 
regression to the whole light curve altogether, setting the transit as the mean function of the 
process [3, 14, 59].3 With a GP, the stellar signal is modelled as correlated noise, without 
the need to describe it explicitly. However, this requires the choice of the functional form 
for the correlation among observations, i.e. a “kernel”. Some specific kernels are often 
adopted to model the variations induced by starspots and faculae, such as combinations of 
the exponential-squared and exponential-sine-squared kernels [69]. The GP can be calibrated 
so that the kernel parameters (or “hyperparameters’’) are used to perform posterior inference 
on the size, position, and contrast of active regions, as well as their evolution time scales 
[100, 101]. Convenient open-source software for the GP implementations here described is 
available online* and can be readily included into an MCMC simulation. GPs are particularly 
powerful thanks to their flexibility, but they are also very demanding in terms of computation 
resources: given N data points, this is O(N 3) for most kernels, and O(N) for a specific kind 
of kernels applied to one-dimensional data sets (e.g. [7, 59]). 

Which approach is the most advantageous depends on the case at hand. The simplest 
model might be the most useful when only a few transits are available (even only one, as it is 
sometimes the case). Analytic modelling of starspots and faculae is recommended to obtain a 
physical representation of the starspot configuration and temperature, given an uninterrupted 
light curve, and it can provide with a more robust assessment of the out-of-transit flux. GPs, 
on the other hand, avoid the need of precise parametrisation of the geometry of the problem 
and can be coupled with models of instrumental systematics with a relatively low number 
of free parameters. None of these methods is completely exhaustive, and the next Section 
focuses on how occultations of activity features can help break some parameter degeneracy. 


4.2 Effect of occulted activity features 


When starspots or faculae are occulted by a planet during a transit, they produce typical 
“bumps” on the transit profile. They affect transit depth measurements in an opposite way to 
non-occulted ones: if the planet passes in front of a dark starspot, the apparent transit depth 
will temporarily decrease, and the opposite will happen in case a bright facula is occulted 
(Figure 40). From the Sun, we know that faculae are often associated to sunspots [81]. They 


3A presentation dedicated to GP regression was given by S. Aigrain at the EES2019 (https://ees2019. 
sciencesconf.org/resource/page/id/9). 

“For example, George (https://github.com/dfm/george [7]), celerite (https://github.com/dfm/celerite, [59]) 
and the GP regressors in scikit-learn (https://scikit-learn.org, [129]). 
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Figure 40: Effect of the planet crossing of a spot (left) and a facula (right) on the transit 
profile. From [58](their Figure 7). 


are mostly visible when they are close to the stellar limb, and are therefore described by a 
wavelength-dependent limb brightening law (e.g. [156, 164]). 


If the temperature contrast of the activity features with the average stellar photosphere is 
large enough, given the noise level of the data, their occultations can be easily identified in the 
transit profile. In principle, they can therefore be removed from the transit profile, which can 
then be fitted with a standard transit model. However, if their signal cannot be clearly singled 
out, or during a given single transit the planet crosses multiple stellar activity features, re- 
moving the imprint of the occultation might be problematic. The case of undetected occulted 
features was discussed by e.g. [10], while the problems of multiple starspot crossings in the 
same transit were explored by e.g. [49] and [158] on the benchmark case of the hot Jupiter 
CoRoT-2b. These latter authors found that, under the assumption that all crossed features 
are dark starspots, the transit radius of CoRoT-2b might be overestimated by up to 3% if the 
crossing effect is not taken into account. However, our knowledge of starspots and faculae in 
other stars is still not complete enough to exclude the contribution of faculae, which could av- 
erage out this effect, or even increase the apparent transit depth in individual transits. Indeed, 
[36] found indications that some of the deepest transits of CoRoT-2b, previously considered 
as the closest ones to the “unperturbed” transit profile, might be affected by faculae. 


A very interesting advantage of starspot and facula crossings is that their position on the 
stellar disc (assuming the stellar rotation axis is known) can be determined with a much larger 
precision than in the case of non-occulted features. Provided a stellar inclination angle of 90° 
with respect to the line of sight, the feature latitude ø can in fact be constrained within the 
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stellar latitudes crossed by the transit chord: 
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Thanks to this, the latitudinal distribution of the starspots on HAT-P-11 was shown to follow 
a solar-like behaviour [115]. 

Occultations also provide precise constraints on the longitude of active regions, which 
are found to be consistent with the reconstruction of the stellar surface using only unocculted 
features (see Figure [92]). In the special case of Kepler-7b, [52] were able to observe the re- 
current passage of the same group of occulted starspots on the transit profile. Together with a 
previous measurement of the stellar obliquity via the Rossiter-McLaughlin effect, and helped 
by the commensurability of the stellar rotation and planet revolution period (Px /Pplanet = 8), 
it was possible to follow the starspots moving across different transits. Thanks to the long 
duration of the Kepler-7 light curve, starspot groups were observed without interruption for 
about 100 days, and important constraints on the lifetime of these features were obtained. 

A last aspect to underline is the possibility of constraining the size and temperature of 
spots and faculae thanks to their occultation. A minimum value on their size can be inferred 
from the duration of the bump they produce on the transit profile, and this can be scaled to 
a feature size if the transit duration and stellar radius are known. With a simple geometric 
model that takes the activity feature brightness contrast with the stellar surface as a free pa- 
rameter, one can derive the temperature contrast of the active feature to the stellar photosphere 
by inverting the ratio between black body laws [157]: 


_ exp(hv/KpTen)— | 


a see ie 24 
A mere 1" (24) 


where p is the brightness contrast with the stellar photosphere, h is Planck’s constant, Kg is 
Boltzmann’s constant, v is the frequency of observation and Tep and Tfeat are the stellar and 
the activity feature effective temperature, respectively. This method was adopted in several 
cases (e.g. [105, 158]). 

Clearly, the black body law is only a useful approximation as stars, starspots, and faculae 
are not black bodies at different temperatures, and each one has its own spectrum and specific 
absorption lines. Section 5 contains a discussion on how transmission spectroscopy can help 
us probe not only planetary spectra, but also those of occulted stellar activity features. 


5 Starspots and faculae in transmission spectroscopy 


Transiting exoplanets are key targets to probe the physical structures and chemical compo- 
sitions of their atmospheres. As their upper atmosphere absorbs and scatters starlight, trans- 
mission spectroscopy can be used to infer the physical conditions within their atmospheres by 
observing the transit depth at different wavelengths [43]. Here, also, the impact of starspots 
and faculae cannot be neglected because, as discussed in Section 4.1, they increase and de- 
crease the measured transit depth, respectively. The variations are not only time-dependent, 
but also wavelength-dependent: according to Wien’s law, the peak emission from a black 
body moves to longer wavelengths as the black body gets cooler, and there is more sensitivity 
close to the emission peak. Hence, the effect of starspots and faculae is stronger in the visible, 
and less prominent (but still important) in the infrared (IR). 

As shown in the example of Figure 41, it was found that unocculted starspots (faculae) 
result in a rising (descending) slope in the transit depth from the near-IR to the ultraviolet, 
which could be wrongly interpreted as Rayleigh-scattering dust (or its absence) in the planet’s 
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Figure 41: The transmission spectrum of HD 189733 b in different bands. In the visible 
part of the spectrum, blue and orange colours represent Rayleigh scattering and unocculted 
starspot models, respectively. From [108] (their Figure 4). ©AAS. Reproduced with permis- 
sion. 


upper atmosphere (e.g. [4, 108, 130, 132, 134, 162]). The opposite happens for occulted 
active regions [126]. 

Among molecular spectral signatures which are nearly routinely detected, the water ab- 
sorption band is the main one observed by Hubble Space Telescope’s Wide Field Camera 3 
instrument, and is the main indicator of oxygen abundance and metallicity in an exoplanet 
atmosphere. However, in starspots cooler than ~ 3000 K, water vapor could exist [179] and 
produce absorption features that can mimic planetary water absorption at ~ 1.4 and ~ 2.3 um 
(e.g. [177]). 

Because of this, an assessment of the activity level of the exoplanet host is necessary 
before any interpretation of a transmission spectrum is attempted. The correction of the 
activity-induced transit depth variations can be done by a photometric monitoring of the host 
star, with stellar models (such as [39] 1D ATLAS and PHONENIX [76]) to account for the 
wavelength-dependent flux correction, in order to properly evaluate the stellar contribution 
(e.g. [4, 75]). In this kind of modelling, the size of the activity features was shown to be 
essential [135]. With the use of stellar synthetic spectra to model both stars with different 
spectral types and their starspots, [135] found that active regions with angular size compa- 
rable to the size of large sunspot groups (~ 2°, [106]) can produce up to tens of percent 
variations in atomic and molecular absorption bands, against a few percent in the case of fea- 
tures which are four times as large. This is due to the fact that, for a given activity-induced 
stellar photometric variability amplitude, small active regions require much larger covering 
fractions to produce such amplitude, and produce a larger contamination in the transmission 
spectrum. Figure 42 presents their findings on spectral contamination from starspots on M 
dwarfs. With the use of similar simulations, the same effects were shown to be much smaller 
for FGK stars [136]. 
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Figure 42: The amount of contamination of transmission spectra for planets hosted by active 
M stars, in the case of giant (left) and solar-size starspots (right), according to [135] (their 
Figure 7). The molecular absorption bands at various wavelengths are reported. Reproduced 
by permission of the AAS. 


The shape of the out-of-transit light curve could be the key to distinguish giant from 
solar-like activity features on planet hosts, and so to identify optimal targets for transmission 
spectroscopy of planets orbiting cool stars. In the case of giant starspots, wide variations 
of the light curve will be observed, with a periodicity which depends on the stellar rotation 
period. In the case of small starspots, especially if these are uniformly distributed on the stel- 
lar disc, brightness variations will have a much smaller amplitude and no clear periodicity. 
This might be the most frequent case for M stars (see Section 3) where, on average, a small 
starspot going out of view could be compensated by another one coming into view. The two 
scenarios could be discerned thanks to a continuous monitoring of the host star in the time 
windows during which transits are observed. Inspection of the light curve for at least two or 
three rotation periods in different spectral bands should enable to distinguish the type of light 
curve variations, and so to gauge the amount of contamination on the transmission spectrum. 
Remarkably, a time-evolving, longitudinal map and effective temperature reconstruction of 
the active regions on WASP-52 was obtained from ~ 600 days of BVRI multiband photom- 
etry, implying a reduction of their effect on transmission spectroscopy by about one order of 
magnitude [142]. A complementary approach would be to model the temperature and size of 
active regions using out-of-transit low-resolution spectroscopic observations. This technique 
showed promising results for the correction of transmission spectra affected by large-contrast 
spots, in modelled bright (V = 9) stars [47]. 
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The time dependence of the “filling factor” (1.e., the fraction of the stellar surface covered 
by activity features) also operates a variation in the baseline between two or more transit 
observations. The photometric monitoring of the host star’s activity level was, in fact, shown 
to be key to correctly stitch together multi-epoch transmission spectroscopy observations, 
aiming either at extending the wavelength coverage or at detecting temporal variations of the 
planet’s atmosphere. Retrieval exercises including the contribution of activity features to the 
spectrum were also shown to provide constraints on both the atmospheric and the starspot 
parameters (e.g. [15, 37, 134, 184]). 

Simultaneous transit observations in multiple wavelengths can provide very useful infor- 
mation on the physical properties of activity features when they are occulted by the planet. In 
that case, indeed, the relative flux increase (the height of the starspot occultation bump) Af 
measured in different wavelengths À probes specific absorption lines. This makes it possible 
to place constraints on the effective temperature of the activity feature, whose emission is 
modelled using stellar synthetic spectra. Following [160], 


Af(o) 1- Pe / pe > 


(25) 


where FŸ is the normalised flux measured at wavelength x and effective temperature y, and 
Ao is a reference wavelength. Figure 43 shows the so-determined spectrum of a starspot oc- 
culted during a transit of HD 189733b. For the specific case of this active KO-dwarf star, 
[160] derived a spot temperature Tspot ~ 4250 + 250 K and spot-to-star temperature differ- 
ences compatible with what is measured for sunspots. In the case of WASP-19, the fit of the 
occultation distortion at varying wavelengths allowed the determination of better than 100 K 
constraints on a bright and a dark active region [58]. 


6 Effects on other transit parameters 


Among the transit parameters which are affected by stellar activity features, limb darkening 
(LD) is one of the most crucial. In turn, centre-to-limb stellar brightness variations modify 
both the transit profile and its apparent depth, affecting the determination of the exact radius 
of the planet [48, 70, 107]. In Figure 44, left panel, the transit profile shape variation is shown 
when the effect of LD is included. In the figure, the transit depth increase is dubbed “over- 
shoot”. On the right, the overshoot is analytically derived and shown for different spectral 
types. If stellar activity features affect the LD coefficients, the transit depth measure (and 
therefore the measured radius of the planet) for a given stellar type is prone to error. 

Usually, LD coefficients are obtained by fitting stellar centre-to-limb specific intensity 
model profiles with a variety of increasingly complex analytic relationships. For example, 
two popular laws are the quadratic [87] and the non-linear [45] LD law. Using 8 as the angle 
between the stellar surface normal and the line of sight, they are parametrised as 
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respectively, where u = cos @ and Z1(u)/11(1) expresses the ratio between the specific intensity 
at any wavelength 1 and position u and the centre of the stellar disc (corresponding to u = 1). 
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Figure 43: Relative height of the spot occultation bump with respect to the same quantity 
at 600 nm, as a function of wavelength (data points), and Kurucz 1D ATLAS models used 
to fit the measured flux rise during a transit of HD 189733b. Measurements (symbols) were 
obtained from Hubble Space Telescope’s STIS G430L and ACS instruments. Starspot models 
range from 4750 to 3500 K in 250 K intervals (blue to orange, respectively), while a Tef = 
5000 K ATLAS stellar model [39] was used for the host star. From [160], MNRAS 416, 
1443-1455 (their Figure 10). 
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Figure 44: Left. the effect of stellar limb darkening on the transit shape and depth. The 
increase in transit depth over the planet-to-star surface ratio is here called “overshoot” (o). 
Right: The variation in overshoot (oix, z-axis) for a quadratic limb darkening law (coefficients 
a and b) and orbit inclination i = 7/2 rad for different stellar types. Variations in the limb 
darkening coefficients due to stellar activity cause variations in the overshoot. From [70] 
(Figures 1 and 3), A&A 623, A137, pp. 2 and 5, reproduced with permission OESO. 
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Figure 45: Left: Variation of k = r,/R, from the overshoot given by [159] and the [46] LD 
coefficients, for a low (continuous line) and grazing (dashed line) impact parameter b. Right: 
variations in the observed LD coefficients for varying starspot filling factors for a star with 
Tag = 5775 K and Tspo = 3775 K. The positions of the spots were randomly chosen on the 
visible hemisphere. Figures from [48], A&A 549, A9, pp. 4 and 8 (their Figures 2 and 5), 
reproduced with permission ©ESO. 


The LD coefficients a, can be fitted to the stellar models and then used as fixed parameters 
to model the transit profile [45]. In particular, the non-linear law has been shown to produce 
the most accurate fit to the models so far (e.g. [113], and references therein). 

A fit of the LD coefficients to the transit profile is often more desirable than fixing them 
to theoretical values. As illustrated in Figure 45, left panel, this is due to the unavoidable 
uncertainties in the stellar parameters, as well as to differences in the stellar models that are 
used. This is particularly the case when stellar activity features produce time-dependent slight 
deviations of the stellar parameters, that affect the LD coefficients and therefore the transit 
depth overshoot. When the LD coefficients are included in the transit fit as free parameters, 
however, the non-linear law often hampers convergence of the MCMC sampling of the transit 
parameters, and simpler laws need to be used. Starspots were found to potentially produce 
a few percent variations in the quadratic LD coefficients, as well as up to = 10% variations 
in rp/Rx, depending on the stellar effective temperature and transit impact parameter [48]. 
The maximum effect was found around Tef = 4000 K, grazing transits, and for large spot 
filling factors, as shown on the right panel in Figure 45. Flux-transport models based on the 
Sun showed that the effect of faculae can also be non-negligible, and that deriving LD curves 
from the transit fits with minimum residuals induces wavelength-dependent biases due to 
both spots and facuale [151]. 

Because of the limited accuracy of the quadratic LD law, some variations were proposed, 
as well as efficient calculation methods and proper priors on the coefficients to include in 
the transit fit (e.g. kipping2013,espinoza2016,morello2017,claret2018,maxted2018). More 
accurate three-dimensional stellar models also help us better understand the impact of gran- 
ulation and the behaviour of LD with fundamental parameters (e.g. [103]). Due to variations 
on individual stars and the time dependence of the activity pattern on the stellar photosphere, 
however, analysing exoplanet transits still requires a compromise between accuracy and com- 
putation efficiency when adopting an LD law to implement in an MCMC. 

As previously highlighted, LD is a wavelength-dependent effect: it is stronger in the 
visible, but its effects are also measured in the IR. It has therefore to be taken into account both 
in transit photometry and spectrophotometry. Observations with the Hubble Space Telescope 
deserve a particular mention: objects which do not lie in the continuous viewing zone of HST 
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Figure 46: Simulated difference between a transit with and without starspot occultation, as a 
function of the mid-starspot time compared to mid-transit time, for the parameters of WASP- 
10b. From top to bottom: transit mid-time, orbital semi-major axis divided by stellar radius, 
planetary-to-stellar radius ratio and orbit inclination. From [13] (their Figure 10). 


cannot generally be observed for a full continuous transit. Sometimes, the transit edges are 
sacrificed in order to obtain a precise measure of the transit depth. As a consequence, LD 
coefficients cannot be fitted, but are fixed to tabulated values obtained from stellar models at 
different wavelengths and in the appropriate filters (e.g. [177], and references therein). The 
James Webb Space Telescope will instead be placed at the Sun-Earth L2 point, and will not 
suffer from pointing interruptions. For this observatory, the wavelength dependence of the 
LD coefficients will be fully appreciated. 


Stellar activity features have been found to influence the measure of other transit param- 
eters, too. A notable case is the one stellar density, which can be constrained to a high level 
of precision from planetary transits [131, 163]. Studying the light curve of CoRoT-7b, where 
the individual transits are not fully resolved, [96] discussed an underestimation of the stellar 
density from the transit fit compared to the derived spectroscopic value, likely due to stellar 
variability. Other studies [5, 13, 125] found effects on the apparent transit timing. Figure 46 
shows the simulated difference between a transit with and without starspot occultation, as a 
function of mid-spot time compared to mid-transit time, for the hot Jupiter WASP-10b [13]. 
The largest effect is produced when the starspot bump is close to the transit edges, marked 
with vertical lines. In particular, variations in the mid-transit time (top panel) across multiple 
transits may mimic transit timing variations (TTVs), which might be misinterpreted as due 
to non-transiting companions [2]. [13] found hints of starspot contamination by observing a 
large number of transits with significant variations in the depth of individual transits. 
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This latter is another indication that the study of planets around active host stars deserves 
a special attention. It requires a careful monitoring of the star to evaluate and correct for 
the contribution of the starspots to the stellar flux due to stellar rotation and their changing 
characteristics and location. 


7 Planetary transits and stellar granulation 


Stellar brightness inhomogeneities caused by stellar convection are another source of noise 
for transit parameter determination. Granulation produces variations on time scales from tens 
of minutes to hours. Hot plasma is uplifted towards the stellar surface and produces brighter 
areas, called granules by [51] for the first time. Cooler plasma sinks between granules, and 
produces separating lanes between granules [122, 123]. The first observations on granulation 
were carried out on the Sun [72], but this phenomenon is now thought to be common among 
Sun-like stars (e.g. [40, 55, 66, 121, 152],and references therein). 


7.1 Effect on measured stellar parameters 


The first direct effect of stellar granulation is on the stellar parameters, which are fundamental 
in order to extract the planetary radius from transit observables. The power of the granulation 
signal is correlated with the stellar surface gravity g: as a star evolves from dwarf toward the 
giant phase, its g decreases; at the same time, its convection zones deepen and the granulation 
timescale increases. By measuring the photometric variations on a time scale of 8 hours, 
[18] highlighted brightness variations driven by granulation. The stars of this study span 
an effective temperature between 4500 to 6750 K, logg between 2.5 and 4.5 (cgs units), 
and relative brightness variations lower than 107*. Taking advantage of g measurements 
obtained from Kepler asteroseismology observations [42], they derived the “flicker sequence” 
of stellar evolution. This sequence shows a tight correlation between the granulation-induced 
brightness variation and the stellar log g (see Figure 1 of [18]). Within this phase space, [18] 
fitted an empirical relation (extended by [19]) to infer g to within 25% from the granulation 
flicker of inactive Sun-like stars, from their main-sequence to their giant phase of evolution. 

In addition to surface gravity for the determination of stellar radii, stellar density is also 
particularly useful to correctly derive transit parameters. This could be carried out via the 
so-called “asterodensity profiling” [84, 161]. By using 588 catalogued Kepler target stars 
with asteroseismology measurements [41, 73], [83] reported a linear trend between the stellar 
density and the 8 hr stellar flicker for stars with 4500 K < Teg < 6500 K, 3.25 < log g < 4.43, 
and K, magnitude < 14. The fitted relation has a model error in the stellar density of about 
32%: this is an ~ 8x lower precision than asteroseismology, but the relationship can be 
applied to a ~ 40x wider sample of targets with no asteroseismic measurements. Capitalising 
on this, [20] re-estimated the stellar radii of 289 bright (K, < 13) candidate planet host stars 
with 4500 K < Ter < 6650 K and assessed the impact on the parameters of their planets. They 
found the log g derived from broadband photometry and spectroscopy to be systematically 
lower that the one obtained from the flicker-based calibration (~ 0.2 dex median difference, 
with RMS = 0.3 for spectroscopy and 0.4 for broadband photometry). Hence, nearly 50 of 
the brightest stars in their sample resulted to be subgiants and their radii, together with those 
of their planets, on average 20%-30% larger than previously measured. 


7.2 Effect on transit parameters 


Stellar granulation affects the measured transit depth, duration determination of transit ingress 
and egress, and LD parameters. To quantify the effects, [44] used three-dimensional radiative- 
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Figure 47: Simulated transit profile variations of a terrestrial planet transiting the Sun, due to 
different realisations of the modelled granulation pattern. Filled contours indicate the deepest 
and the dimmest transit profile for different orbital inclinations i in the 750-770 nm band. Blue 
corresponds to i = 90.85°, green to i = 90.65°, yellow to i = 90.45°, and red to i = 90.25°. 
Credit: [44] (their Figure 11), reproduced with permission ©ESO. 


hydrodynamical stellar models from the staccer grid [104] to model the transit of a hot 
Jupiter, a hot Neptune and a terrestrial planet in front of the Sun and of a K star. 


The simulations were run by considering several convective turnovers and by taking into 
account temporal variations in the granulation intensity (e.g. about 10 minutes for the Sun, 
[118]). They were also performed in several wavelength windows, covering the bandpasses 
of most instruments used to observe spectrophotometric transits. The modelled root mean 
square of the stellar flux in the visible (between 1 and 16 ppm) was close to the observed 
photometric variability of the SOHO quiet Sun data (10 to 50 ppm: [62, 78]) and was the 
largest in the visible. Then, different realisations of the stellar irradiance calculated from the 
granulation patterns were averaged in order to derive the photometric noise they produced. 
This resulted in detectable variations of r,/R,, larger for the Sun than for the K star. In 
the visible, for example, they observed up to 0.90% and up to 0.45% uncertainties in the 
planet radius for the Sun and the K star simulations, respectively. Also, larger uncertainties 
were found for terrestrial than for giant planets. Figure 47 illustrates the case of a terrestrial 
planet transiting in front of the Sun, in visible wavelengths, for different orbital inclinations. 
Given the required precision on planetary radii of a few percent at most, in order to be able 
to significantly constrain planetary core sizes [176], such estimates imply that granulation 
must be considered a non-negligible source of uncertainty. [168] quantified the effect of 
granulation on the transit parameters, which can induce errors of up to 10% on the ratio 
between the planetary and stellar radius (r,/R,) for an Earth-sized planet orbiting a Sun-like 
star. Stellar flicker is already included in the error budget for the CHEOPS mission [33], and 
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it will be even more so for the PLATO mission [138], which is designed to achieve a 2% 
precision on planetary radii. 

The apparent radius variation was also shown to be dependent on the orbital inclination 
of the planet, with additional effects on the duration of transit ingress and egress and correla- 
tions with the LD parameters. [114] explored the correlations among these effects and found 
uncertainties on the planetary radius up to 3.6% in the PLATO band, due to granulation and 
stellar oscillations only. These authors highlighted the importance of independent constraints 
on the transit impact parameter, or of follow-up observations at longer wavelengths, where 
LD is weaker, to reduce the significance of this effect. On the other hand, the method used to 
retrieve the transit parameters seems crucial in the determination of the error budget: Gaus- 
sian processes, which are particularly suitable for the modelling of a stochastic phenomenon 
such as stellar granulation, showed to provide encouraging results with specific kernel choices 
[14]. 

In the context of the forthcoming James Webb Space Telescope (e.g. [22, 65]) and the 
future Ariel mission [169], the potential impact of stellar granulation and oscillations on 
transit spectrophotometry has started to be evaluated. [147] reported that the expected effect 
is weak, especially in the near-IR. There, its impact could even be negligible, but with a 
dependency on the atmospheric scale height and the transit duration. As a case which is most 
likely to be impacted by granulation, these authors mention the one of ‘a terrestrial planet 
with a secondary atmosphere orbiting a nearby Sun-like star on a long period’ (e.g. [147], 
p.2877). 


8 Conclusions 


In this review, we presented the main issues caused by stellar activity on exoplanet transit 
observations, as well as the main approaches which are used to correct for them. In several 
cases, the combination of ultra-precise measurements and theoretical modelling is required 
to precisely quantify the possible biases on planetary parameters. Depending on the observa- 
tions and the scientific goal, complementary observations can provide a useful way to better 
assess the effects of stellar activity. On the other hand, attention to the determination of the 
physical properties of stellar activity features such as starspots, faculae and granulation and of 
their temporal evolution has grown in the past few years. The goal of a few percent precision 
in planet radii, and few tens of parts per million in transmission spectroscopy, is challenged 
by the imprints of stellar activity on the observables, and requires these phenomena to be 
taken into account as an unavoidable component of star-planet observations. 

As we push our search towards terrestrial planets, the understanding of stellar activity and 
its proper correction becomes an increasingly necessary complement to improved instrument 
performance. The best outcomes will then result from synergies between different observa- 
tion techniques and modelling perspectives. Thanks to these, we will be able to obtain as 
much precise as possible insights into the physical properties of the most interesting discov- 
ered systems. At the same time, this race towards small size planets with precise and accurate 
parameters will help refine our knowledge and understanding of stars. 
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Abstract. The last two decades have seen an unprecedented rise in the num- 
ber of known planets around other stars (exoplanets), and the establishment of 
observational techniques to probe the chemical and physical properties of their 
atmospheres. This Chapter focuses on one of these techniques, high-resolution 
spectroscopy with ground-based telescopes. It covers the key aspects of the 
method and how it is different from other standard techniques, the science 
achieved so far, current challenges both on the observational and modelling 
side, and the prospects for future observations of smaller and cooler planets. 


1 Introductory concepts 


1.1 The underlying scientific questions 


Two decades of discoveries have delivered over 4,000 confirmed exoplanets. Given this large 
population, it is tempting to start comparing their characteristics with those of the planets we 
see in the solar system. However, the comparison is far from straightforward. Looking di- 
rectly at the planets detected the situation seems unfavourable for us, as the parameter space 
occupied by our solar system is relatively empty (Figure 48). A prominent class of planets 
emerges instead, which groups gas giants with approximately the mass of Jupiter but orbits 
well within the orbit of Mercury. These are called hot Jupiters, and were the first exoplanets 
discovered. As odd as these planets may seem, they are particularly welcome by the com- 
munity as they are not only easy to find, but also to study, as we will directly estimate in 
Sections 1.5.1-1.5.4. Hot Jupiters also have a simplified interpretation, as their high temper- 
atures quickly drive the chemistry towards equilibrium, and the absence of major cold traps 
allows us to relate any species we recognise in the spectrum to the actual composition of the 
atmosphere, unlike the solar-system giants where the signatures of important molecules such 
as water vapour remain buried below the observable level of the planet’s atmosphere. 

However, the observed exoplanet population cannot just be considered at face value, as 
detecting smaller planets further away from their parent stars becomes increasingly challeng- 
ing. A careful exercise must be performed, accounting for the observational biases, to reveal 
the true underlying exoplanet population. When doing so, we find out that hot Jupiters are 
actually rare, and that the most common exoplanets have instead size between those of the 
Earth and Neptune [30, 63]. Once again, this strikes us as odd as there aren’t any planets like 
those in our solar system. 


¥ e-mail: m.brogi@warwick.ac.uk 


IV - High resolution spectroscopy for exoplanet characterisation 


Mostly transits and radial velocities Mostly transits (Kepler mission) 


e 
10 À , + 
eee © 

A A Jupiter ° 
3 | A Saturn vu 
3 5 
= 400! 3 
8 P Uranus, | Neptune B 
= ] = 
© 40-1 5 
S 1071 4 2 
a | F 

Earth 

F Transits 

de Radial velocities 

$ Mars Direct imaging 

“Mercury Microlensing 

z A 
103 +r m TT | oo — 1 | | 
107 107 109 10" 10 10° 102 107 109 10! 102 10 


Semi-major axis (au) 


Figure 48: Confirmed exoplanet discoveries as of May 2020, with data obtained from the 
NASA Exoplanet Database (https: //exoplanetarchive.ipac.caltech. edu). The left 
panel shows the distribution of masses and semi-major axes, whereas the right panel shows 
the planet radius versus semi-major axes. Exoplanets are represented with circles and colour- 
coded by their discovery method, while the planets of the Solar system are indicated with 
black triangles. 


Interpreting these big Earths (or small Neptunes) becomes increasingly complicated, be- 
cause in many cases it is not possible to determine from the size of the planet (more specifi- 
cally from its mass and radius, giving us the bulk density) what these planets are made of. A 
degeneracy between interiors and atmospheres exist [1, 77], which makes it equally likely to 
have a big, light core with a thin atmosphere, or a smaller, denser core with a more massive 
extended atmosphere. 


To complicate the picture even further, it is now clear that any types of planet is affected 
by the presence of aerosols [5, 6, 41, 46, 64, 86]. These could be clouds coming from conden- 
sation of species (some occurring even at the high temperatures of the hot Jupiters), or hazes 
created by photochemical processes, similar to those detected in the atmosphere of Titan, the 
biggest moon of Saturn. 


Ultimately, if we want to assess the true nature of exoplanets, we need to access more 
information about them, and the best way we can do that observationally is by studying 
their atmospheres [57]. Broadly speaking, studying exoplanet atmospheres implies measur- 
ing their physical and chemical conditions to infer the planet structure (interior/envelope), the 
elemental abundances (related to formation and evolution scenarios), and the energy balance 
(how radiation is processed and heat transported). While we are still far from obtaining all 
this information in a coherent, robust, and complete fashion, observations have progressed 
enormously since the very first detection of sodium by [19]. This Chapter describes one par- 
ticular observational technique based on spectroscopy at very high spectral resolution. To 
understand what this entails and how it is used, we will start by reviewing the fundamental 
concepts related to spectroscopy. 
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Figure 49: Illustration of the two criteria to define two spectrally-resolved lines, i.e. the 
Houston (left panel) and the Sparrow (right panel) criterion. 


1.2 Resolution vs Resolving Power 


In spectroscopy, resolution generically refers to the ability to distinguish photons of similar 
energy. Practically, this is often referred to as the ability to discriminate two narrow spectral 
lines with peaks separated by a difference in wavelength AQ, and resolution is quantitatively 
defined as the minimum A4 at which the two lines are still distinguishable. 

In this context we mention two main criteria that are adopted to define AJ, that is the 
Sparrow and the Houston criteria. As shown in Figure 49, under the Sparrow criterion two 
lines are considered resolved when their combined profile has a saddle point, i.e. the first and 
second derivatives are both null. The Houston criterion, on the other hand, assumes that two 
spectral lines are resolved when their combined profile has two peaks separated by at least 
one full-width half-maximum (FWHM). Throughout this Chapter we will adopt the Houston 
criterion when referring to spectrally resolved lines. 

A quantity closely related to resolution is resolving power R, that is 


R=—, 28 
7 (28) 
i.e. the resolution divided by the wavelength of light. Resolving power has the more practical 
advantage that it can be considered nearly constant over the wavelength range of most spec- 
trographs. Furthermore, R can be related to the radial velocity v of an astronomical object. In 


the classical limit (v « c) we have 
AA v 
R=—=-, 29 
d (29) 
where c = 3 x 108 ms”! is the speed of light. It follows that the minimum velocity shift Av 
that can be resolved by a spectrograph is Av = c/R. 


In this Chapter we broadly separate the value of resolving power into three main regimes: 


e Low-resolution spectroscopy (R up to 500): it results in Av > 600 km s~!. This is generally 
too big to investigate the dynamics of most astrophysical sources, but still sufficient on the 
cosmic scales of galactic redshift. 


e Medium-resolution spectroscopy (R = 500-10,000): it results in Av > 30 km s™!. This 
allows us to start resolving broad spectral lines in astronomical spectra and derive physical 
properties from them. 
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Spectrograph R Telescope Location 
CRIRES 100,000 VLT 8.2m Cerro Paranal, Chile 
CRIRES+ 100,000 VLT 8.2m Cerro Paranal, Chile 

CARMENES 80,000 CAHA3.5m Calar Alto, Spain 


IRD 75,000 Subaru 8m Mauna Kea, Hawaii 
SPIRou 70,000 CFHT 3.5m Mauna Kea, Hawaii 
NIRPS 70,000 NTT 3.6m La Silla, Chile 


NIRSPEC 50,000 Keck 10m Mauna Kea, Hawaii 
GIANO 50,000 TNG 3.6m La Palma, Spain 


Table 3: List of near infrared high-resolution spectrographs currently available at ground- 
based telescope facilities, or planned for the near future. Indicated are the resolving power, 
the telescope name and its diameter, and the location of the observatory. 


e High-resolution spectroscopy (R =10,000-200,000): it results in Av as small as 1.5 km s“!. 
This allows us to explore the detailed shape of most spectral lines, and measure accurate 
motion of the objects generating these lines. 


Needless to say, the boundaries between the various spectral regimes are quite arbitrary 
and possibly dependent on the discipline or application. In this Chapter we will focus on high 
resolution spectroscopy, and in particular on the infrared portion of the spectrum. There are 
several high-resolution spectrograph planned or currently in operation across the globe, and 
a non-exhaustive list can be found in Table 3. 


1.3 Using spectroscopy to find exoplanets 


If a star hosts a planet, it will orbit the common centre of mass of the system. Therefore, even 
if the planet is too faint and too close to the parent star to be spatially distinguished in the sky, 
we can still detect the indirect effect on the star itself. This is a periodic Doppler shift of the 
stellar spectral lines, with amplitudes up to a few hundreds m s-!, but as low as 0.1 ms"! for 
an Earth-Sun analogue. These radial velocities are well below the velocity resolution listed 
in Section 1.2 for current instrumentation, however a particular technique is used — called 
cross correlation — that allows us to increase the precision in radial-velocity measurements by 
combining the information from many lines in the stellar spectrum. We will extensively talk 
about cross correlation in Section 2.2. 

The first exoplanet orbiting a main-sequence star was discovered around 51 Pegasi in 
1995 [55] with the method outlined above, and this measurement granted the two authors 
of the discovery a Nobel prize in 2019. 51 Pegasi b is a Jupiter-size exoplanet orbiting its 
parent star in 3.5 days, and it causes a whobble in the spectral lines of 51 Peg of about 
50 ms !. Whereas at the time of the discovery 10 m s~! was considered an incredible 
technical achievement, most of the spectrographs in operation today are stable enough to 
deliver consistently a precision of 0.5-1 m s~!. For example, in 2016 the closest star to the 
Sun (Proxima Centauri) was found to host an exoplanet with a minimum mass similar to the 
Earth [4]. The measured radial velocity amplitude of the parent star is only 1.4 m s™!, which 
is equivalent to a slow walking pace! 

Some spectrographs today are so stable that they can achieve an instrumental precision of 
0.2 m s™! over a night of observation. At this level, astrophysical signals start to dominate, 
first of all the radial velocity signal mimicked by stellar activity. Even the most accurate 
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Figure 50: Definition of the orbital phase y and orbital configurations for transiting (bottom 
drawing) and non-transiting (top drawing) exoplanet systems. Credits to E. de Mooij for the 
original drawing. 


modelling to date struggles to push stellar RVs below the 0.5 m s7! threshold, however to 
detect an Earth-Sun analogue we would need to hit the 0.1 ms“! precision. 


1.4 Exoplanets and their orbits 


For the majority of this Chapter we will refer to exoplanets on circular orbits. The reason for 
this is that most of the observations focus on short-period planets (i.e. orbital periods at most 
of a few days), and these are thought to circularise on short time scales due to tidal interaction 
with their parent stars [70]. We will define orbital inclination i the angle between the line of 
sight and the normal to the plane of the orbit. So a transiting exoplanet (a so-called edge-on 
system) will have i ~ 90° while a face-on system will have i ~ 0°. 

In addition to the orbital inclination, a quantity that will be widely used is the orbital 
phase , that is the fraction of the orbit the planet has completed. We define the zero point in 
phase as the mid-transit (for a transiting planet), or more generally the point when the planet 
is closest to the observer, which is called inferior conjunction (see Figure 50). The centre of 
secondary eclipse (or superior conjunction) will thus have y = 0.5 and the quadrature points 
y = 0.25 or ọ = 0.75. 

If we assume a circular orbit of period P, it is straightforward to calculate the orbital 
phase as the fractional part of 

_ t— To 
= P 
where Tọ is either the time of mid-transit or more generically the time of inferior conjunction 


(for a non-transiting system). 
We can also compute the orbital velocity of an exoplanet as 


(30) 


2na 
Vorb = P (31) 
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where a is the planet’s semi-major axis, or simply the orbital radius for a circular orbit. Since 
we are seeing the system under an angle i, the radial velocity of an exoplanet while moving 
around the orbit can be found by projecting the orbital velocity along the line of sight: 


RVp = vow sin(i) sin(2ay) = Kp sin(2xp), (32) 


where we have defined the semi-amplitude of the planet’s radial velocity curve (i.e. the 
maximum projected orbital velocity) as Kp. As we will see in Section 3.1, this radial velocity 
is calculated in the reference frame of the exoplanet system. An observer on the Earth will 
measure additional time-varying radial velocity components. 


1.5 Spectroscopy of transiting exoplanets 


Observations of transiting exoplanets are made by carefully monitoring the light coming from 
the system as a function of time (commonly called a light curve) and looking for a periodic 
dimming of the starlight. The exact amount of dimming and its time evolution give insight on 
the period of the orbit, the relative size between star and planet, and the orbital inclination. 

Measuring the stellar light accurately from the ground is challenging due to instrumental 
instability (flexure, pointing jitter, etc.) and the variable behaviour of the Earth’s atmosphere 
(changing transparency due to water vapour, clouds, etc.). The common practice is to per- 
form differential photometry, i.e. to measure the flux from the star of interest relative to 
one or more reference stars, possibly of similar brightness and spectral type. Assuming that 
systematic effects act similarly between target and reference, taking the ratio of light curves 
allows us to achieve a good correction of the unwanted effects. What is fairly straightfor- 
ward in theory is only rarely achieved in practice, and this is why ground-based differential 
photometry still struggles to detect transits with depth much below 107? relative to the flux 
out of transit. While this is sufficient for giant to Neptune-size exoplanets orbiting solar-type 
stars, when it comes to detecting smaller transiting exoplanets space photometry is the only 
method of observation providing sufficient precision. This is why the most successful survey 
of transiting exoplanets — the Kepler mission [9] — was a spacecraft. 

The relative geometry between a transiting exoplanet and the parent star can be exploited 
to access information about the planet’s atmosphere, and it is schematically represented in 
Figure 51. In this section we will review the three main measurements that can be achieved 
with a particular focus on order-of-magnitude estimates of the planet-to-star flux ratios. 


1.5.1 Transmission spectroscopy 


When an exoplanet passes in front of the parent star - what is called a primary transit or more 
simply transit, a portion of the stellar surface is blocked by the opaque planet disk causing 
a corresponding dimming in the measured light from the system. If a planet possesses an 
atmosphere, it will selectively block light at certain frequencies corresponding to the energy 
transitions of the atoms and molecules in the gas phase. Increased absorption causes the 
planet to appears slightly bigger, therefore blocking slightly more starlight and producing a 
deeper transit (see inset in Figure 51 for a schematic representation of the phenomenon). By 
measuring the depth of a transit as a function of wavelength it is thus possible to build a 
transmission spectrum of an exoplanet, that is planet size versus wavelength. 

In this Section we want to obtain a first-order estimate of the strength of atmospheric 
transmission signals. The depth D of an exoplanet transit is given by 


== Rp ? 
p-[#) | (33) 
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Figure 51: Relative geometry between a transiting exoplanet and its parent star, with high- 
lights on the two principal configurations used to study exoplanet atmospheres, namely trans- 
mission and emission spectroscopy. 


where Rp and R, are the planet and stellar radii, respectively. For a Jupiter-size planet orbiting 
a solar-type star D ~ 1072, for an Earth-size planet around a solar-type star D = 8 x 107°. In 
transmission spectroscopy we are interested in the change in transit depth with wavelength, 
that is AD(A), which is approximately the ratio between the area of the atmospheric ring, 
Aying(A) and the stellar surface area A,. If we assume that the planet’s atmospheric ring has 
thickness 6, we obtain 


Aing = Rp + 6)? -nR = 
= (Ro + 2RPÔ + 6? — R?) = 
rô(2Rp + ô), (34) 


where we have omitted the explicit dependence on wavelength 4. To estimate the order of 
magnitude of 6, we generally express it as a “number of scale heights”, that is 6 = nH. A 
scale height H is the change in altitude over which the planet’s pressure changes by a factor 
of e (= 2.718) and can be expressed as function of physical parameters: 

Ha Or (35) 

Hg 

where ky is Boltzmann’s gas constant, T is the temperature, u the mean molecular weight and 
g the gravitational acceleration at the surface of the planet. The atmosphere of a typical gas 
giant, dominated in mass by molecular hydrogen (u = 2.23 g mol-!), will have approximately 
8 times bigger signals than a hypothetical planet dominated by water (u = 18.0). 

How many scale heights should we consider? The value of n is connected to the change 
in opacity x as a function of wavelength. More precisely, n ~ log Ax. Since x can change 
up to 2 orders of magnitude between the centre of a strong molecular line and the regions 
far from molecular absorption, we can expect n up to log(100) ~ 5. In the centre of strong 
atomic lines, such as the sodium doublet in the optical, n can be as high as 10. 
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Figure 52: Schematic representation of the transmission spectrum of a cloud-free hot Jupiter, 
showing the strong alkali lines in the optical and molecular bands from water vapour in the 
near infrared. 


Using our definition of 6 into Equation 34 we obtain: 
Aring = mn, H(2Rp + n1H) = 27n,RpH, (36) 


where we have neglected terms of o(H?) and explicitly indicated the wavelength dependence 
of n. We can therefore estimate the change in transit depth as 
a 2xn1RPH = 2n,RpH 


AD = ; (37) 
mR R? 


For a hot, giant exoplanet (T = 1,500 K, u = 2.23), AD ~ 100 ppm, while for a cooler “Super- 
Earth” (Rp = 2.5Rẹ, T = 800 K) with an atmosphere dominated by water vapour (u = 18) 
this is only AD ~ 4 ppm. Here we have introduced the concept of part per million (ppm) 
which is a ratio of 10~° and it is useful to express the small signals expected from exoplanet 
atmospheres. 

Interpreting transmission spectra can reveal a wealth of information about the planet’s 
atmosphere. Figure 52 shows a schematic representation of a typical transmission spectrum 
of a hot-Jupiter in the absence of clouds and for a solar composition (metallicity and C/O). At 
optical wavelengths, the spectrum is dominated by the strong features of alkali lines, the Na 
and K doublets, and by Rayleigh scattering from molecular hydrogen giving rise to a slope 
towards the UV. In the red part of the optical, some weak molecular lines from water vapour 
start to appear. For very hot giants, there can be additional molecular absorption from TiO 
or VO in the gas phase (not shown in the Figure). Molecular bands become more prominent 
at infrared wavelengths, with the spectrum dominated by the main molecular bands of water 
vapour. Other species such as methane, carbon monoxide, carbon dioxide, hydrogen cyanide, 
acetylene, ethylene, and ammonia also contribute to the chemical network determining the 
abundance of species in equilibrium. However, due to the dominant opacity fro water vapour, 
these species are generally thought to be less readily detectable, especially at low resolu- 
tion. They can play an important role if the elemental abundances of elements (in particular 
oxygen versus carbon) is significantly higher than the solar value of C/O = 0.55 [51] or if 
disequilibrium chemistry cannot be neglected [59]. 

In [86], Extended Data Figure 4 shows the effect of hazes, clouds, and metallicity on 
the shape of the transmission spectrum. Hazes are aggregates mostly produced by photo- 
chemical processes (as opposed to clouds that are the product of condensation) and they 


111 


112 


Star-Planet Interactions — Evry Schatzman School 2019 


increase the opacity of the planet atmosphere at all wavelengths, muting the spectral fea- 
tures from atoms and molecules. In addition, they have a very strong Rayleigh scattering 
signature in the optical spectrum, greatly enhancing the slope of the spectrum towards the 
blue. Clouds also increase the opacity at all wavelengths, however they behave more uni- 
formly with wavelength, which means they give rise to flat, heavily “muted” spectra. Finally, 
increasing metallicity has the main effect to increase the mean molecular weight of the at- 
mosphere, thus reducing the scale height and therefore the overall amplitude of the whole 
spectrum. 

It is worth noting that transmission spectra are plotted as planet radius (or transit depth, 
or number of scale heights) versus wavelength, so increased absorption appears as a positive 
deviation of the spectrum, which can be somewhat confusing when thinking to absorption 
producing dips in a normal spectrum (flux versus wavelength). 

[86] also present a comparative study of 10 exoplanets with high-quality space observa- 
tions in the optical and NIR obtained with HST STIS and WFC3. Although their interpre- 
tation is still open to debate, they advocate that the different strength of the water bands in 
the NIR it is not due to changing abundance of the species, but rather to the muting effects of 
clouds or hazes. However, other comparative studies [5, 64] claim that even when consider- 
ing clouds there is still evidence for lower water abundance than expected from equilibrium 
chemistry and abundances consistent with the solar value. This discrepancy highlights how 
difficult it is to discriminate these scenarios from low-resolution observations alone, given 
the extreme precision (a few tens of ppm) required from the observations. 


1.5.2 Information from secondary eclipses: reflected light 


When a planet passes behind the parent star, we measure an eclipse (sometimes referred to as 
secondary eclipse in exoplanet science). This is a direct measurement of the missing planet 
flux, which at optical wavelengths is typically dominated by reflected starlight. Note that 
this is not true for every planet, as particularly hot giants can still show a significant thermal 
emission in the red optical, and therefore it is somewhat difficult to interpret the eclipses of 
these systems. 

A first-order estimate of reflected light signals can be obtained by writing the stellar flux 
received by a planet orbiting at distance a from a star with luminosity L,: 


Ly 


Se 


(38) 
The above represents the stellar luminosity redistributed over a sphere of surface 47a”. The 
planet reflects back a fraction of the incident stellar flux depending on its reflectivity, which 
is called albedo (A). The amount of energy reflected back will therefore be 


ARS Ly 


2 
Eren = AnRpFx,p = “Ae 


(39) 
In writing the above equation we have assumed the planet is a disk of area mR; An observer 
at distance d from the system will therefore measure a flux ratio between the planet and the 
star equal to 


Fee ARL, 4nd Rp Ÿ 
Pre _ pick TH = A( ey (40) 
F, (4nd?)(4a2) Ly 2a 


Equation 40 suggests that the best reflected-light signals should be measured for giant planets 
very close to their parent stars, however theoretical [94] and observational [26] evidence show 
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that hot Jupiters are poorly reflective at optical wavelengths. This is due to the presence of 
Na and K atoms, which absorb incoming radiation very effectively across a broad wavelength 
range, due to their strong wings extending away from the centres of absorption lines. As an 
example, the exoplanet WASP-33 b (a = 0.025 au, Rp = 1.6Rjyp) has an optical eclipse depth 
of only 20 ppm, corresponding to an albedo of 0.1. If we assume this value as typical, an 
average hot Jupiter with a = 0.04 au and Rp = 1.15Rjyp would only show a reflected signal 
of 5 ppm. Due to the quadratic dependence on planet radius and semi-major axis, signals 
quickly scale down for terrestrial temperate planets. The Earth around the Sun (A = 0.35) 
would have a reflected light signal of only 0.16 ppb (1 ppb = 107°). 

It is therefore not surprising that measurements of reflected starlight are incredibly rare, 
and so far limited to a single broad-band photometric filter from space missions such as 
Kepler [9] and TESS [73]. There is one notable exception, that is the wavelength-resolved 
albedo spectrum of HD 189733 b [27]. 


1.5.3 Information from secondary eclipses: thermal emission 


At infrared wavelengths, the secondary eclipse depth is a direct measurement of the missing 
planet thermal emission, and therefore measuring the eclipse depth as a function of wave- 
length allows us to build the emission spectrum of an exoplanet. This is also called day-side 
spectroscopy in the context of exoplanets. The principle behind the method is that at wave- 
lengths where the exoplanet atmosphere is more opaque, the observer sees radiation emitted 
from layers higher up in the planet’s atmosphere, as shown by the inset in Figure 51. Ac- 
cording to whether the planet has a temperature decreasing or increasing with altitude, the 
corresponding layer will appear darker (absorption) or brighter (emission) compared to the 
deeper layers, the latter generally referred to as the continuum. As we will see a bit more in 
detail in Section 2.5, this principle is at the root of whether we see emission or absorption 
lines in the planet’s day-side spectrum, and it is exploited by HRS to recognise these two 
scenarios. 

Due to the fact that thermal emission is dependent on opacity, and that the continua of 
planet and stars are dependent on both temperature and wavelength, we can only estimate the 
emission signals of an exoplanet by explicitly considering the wavelength dependence. We 
will approximate star and planet as black bodies at temperatures Teq and Tep respectively, and 
use Planck’s formula for black-body radiation, that is 


2hc? 1 


BAT) = Ss exp[hc/(AkT)] - 1° 


(41) 


where A is Planck’s constant, c the speed of light, k Boltzmann’s constant. Note that B has 
units of [Energy / time / area / wavelength / solid angle], but in the approximation of isotropic 
radiation the integral over the solid angle trivially amounts to a factor of x, so flux can be 
obtained via F = 7B and luminosity via L = 4rR?B. 

We will now estimate the planet’s temperature Teq. We will neglect any internal source 
of energy, which is a good assumption for evolved exoplanets that have long completed their 
cooling cycle since formation. In this scenario, the only energy available is the incoming 
stellar radiation. We can use similar arguments as for the treatment of reflected light in 
Section 1.5.2 to compute the total energy absorbed per unit time: 


2 74 
Ano R T g 
4ra? ’ 


where we have accounted for the planet albedo and written the stellar luminosity via the 
Stefan-Boltzmann formula for a black body, with o being the Stefan-Boltzmann constant. 


Ews = (1 — A)nR? (42) 
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The energy re-emitted by the planet as a black body will be 
Eou = Ano RET 4. (43) 


Equalling the incoming and outgoing energies leads to an expression for the planet’s temper- 
ature called the equilibrium temperature: 


|R 
Teq ~ Leff —, (44) 
a 


where we have neglected any additional scaling factor. The exact value of this factor depends 
on the properties of the exoplanet atmosphere, in particular on its efficiency to redistribute 
the incoming stellar radiation both in latitude and longitude. For an analytical treatment of 
some of the main cases please see [23]. 

We can now put all the information together to estimate the flux ratio between the thermal 
emission of an exoplanet and its parent star: 


Frem(a) _ Lp(a) 4nd? _ B(Teg: A) (i i (45) 


F(A) 4nd? L(A) B(Tet, A) \R4 


A hot, giant exoplanet (1,500 K) would have a flux ratio of 30 ppm at 1.2 micron, rising to 
290 ppm at 2.3 micron, a more comfortable value than reflected light. 

Due to the strong dependence on temperature, however, a warm Neptune with 800K 
would have the above values reduced to 3 ppb and 0.64 ppm, respectively, for the two wave- 
lengths considered. 


1.5.4 Information from the whole orbit: phase curves 


The exquisite precision of space photometry allows us to study not only the decrease in 
starlight during transit and secondary eclipse, but also the periodic variations while the planet 
moves around the orbit. These light curves are called phase curves and they allow us to 
estimate the changing contribution from the day- and night-side of the planet as seen by 
the observer. Once again, the interpretation of these phase curves is different whether they 
are obtained at infrared wavelengths (dominated by thermal emission and thus mapping the 
changing temperature between the planet’s day- and night-side) or in the optical (dominated 
by reflected light and/or indirect effects such as tidal deformation of the parent star or Doppler 
beaming of stellar radiation). In terms of constraining the properties of the exoplanet atmo- 
sphere, the most stringent measurements are infrared phase curves, as they are directly related 
to the efficiency of energy redistribution from the sub-stellar point to the night-side. Early 
measurements of phase curve, for instance, allowed astronomers to verify one fundamental 
model prediction, that is hot Jupiters develop strong equatorial winds towards the east (simi- 
lar to jet-stream currents on Earth) capable of transferring significant amount of energy [84]. 
Experimentally, this is verified by the fact that thermal phase curves do not peak at phase 0.5 
(i.e. when the planet’s sub-stellar point faces the observer), but slightly earlier [42]. 

Even from space, switching from photometric phase curve (i.e. integrated over the pass- 
band of a filter) to spectroscopic phase curves (resolved as a function of wavelength) is a 
major technological endeavour, so far limited to a handful of objects (at least pre-JWST). 
The most detailed study to date using spectroscopic phase curves is on the atmosphere of 
WASP-43 b [93]. 
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Figure 53: High resolution transmission spectrum of the hot Jupiter HD 189733 b computed 
around 2.3 um for three important molecular species, namely carbon monoxide (top), water 
vapour (middle), and methane (bottom). The three spectra are shifted vertically for clarity. 


2 High-resolution spectroscopy of exoplanets 
2.1 Key characteristics 


High resolution spectroscopy at visible and near-infrared wavelengths (0.5-3.5 um) is only 
possible from the ground at the moment. This means that high-resolution spectra will be 
imprinted not only by the spectrum of the astrophysical target, but also by the spurious trans- 
mission spectrum of the Earth’s atmosphere. We will refer to this spectrum as the telluric 
spectrum. 

If we compute model transmission spectra of an exoplanet at increasingly higher res- 
olution, molecular bands start being resolved into their individual lines. Energy levels in 
molecules depend on the specific structure and degrees of freedom, thus each species has a 
unique sequence of lines, a sort of fingerprint, that is well distinguishable at very high resolv- 
ing powers. This is shown in Figure 53 for three main species around 2.3 micron, namely 
CO, H20, and CH4. Species can be thus identified by matching models to data, commonly 
done through the technique of cross correlation as described in Section 2.2. 

A second peculiar consequence of observations at high resolving power is that the orbital 
motion of exoplanets is also detectable. For a typical hot Jupiter on a circular orbit, orbital 
velocities exceed 100 km s~!. This means that over a few contiguous hours of observations 
the planet’s radial velocity changes by tens of km s~!, especially when the planet is observed 
near conjunction. In contrast, the telluric spectrum and in first approximation the stellar 
spectrum are nearly stationary in wavelength. This allows us to robustly disentangle the 
planet from any contaminants in velocity space, and also to directly measure the planet’s 
radial velocity. We will see in Section 2.3 how this can be used to constrain the planet 
mass and orbital inclination. In Section 3.1 we will relax the approximation that the stellar 
spectrum is stationary in Doppler velocity and discuss some important consequences for the 
correct interpretation of measurements. 

The changing Doppler signature of exoplanet spectra is schematically represented in Fig- 
ure 54. This is a schematic model showing a small portion of the spectrum as a function 
of planet orbital phase (recall our convention about orbital phases explained in Section 1.4). 
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Figure 54: Diagram showing the change in Doppler shift experienced by the spectral lines 
of a transiting exoplanet (in white) versus the stationary absorption caused by the Earth’s 
atmosphere (in black). It shows that the signal is maximised during transit (around ọ = 0) or 
just before or after secondary eclipse (gy ~ 0.5). 


Represented in white is carbon monoxide absorption in the planet spectrum, which is sub- 
ject to a stark change in Doppler shift. In contrast, telluric lines (in black) are completely 
stationary. It is clear that the best exoplanet signals are obtained during transit and around 
secondary eclipse. Differently from emission spectroscopy explained in Section 1.5.3, we are 
not comparing the fluxes in and out of eclipse, but rather we are targeting the planet’s spec- 
trum directly. This is an important distinction to make: with photometry or low-resolution 
spectro-photometry time resolution is used to compare different parts of a light curve (in- 
or out- of transit/eclipse), while at high spectral resolution time resolution is used to allow 
the planet’s radial velocity to change. Planet and stellar/telluric spectra are thus discrimi- 
nated in Doppler (or velocity) space, rather than in flux. An important corollary is that we 
can observe the high resolution emission spectrum of non-transiting planets, as we will fur- 
ther see in Section 2.3. As of today, this is the only method capable of investigating the 
atmospheres of evolved, non-transiting planets, and it has the benefit that it allows us to also 
measure the planet’s mass and orbital inclination, thus breaking a fundamental degeneracy of 
non-transiting exoplanet systems. 


2.2 The signal-to-noise formula and cross correlation 


With the exception of direct imaging techniques, which are only marginally relevant for future 
applications of high-resolution spectroscopy (see Section 5.2), exoplanet observations do not 
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distinguish between photons from the star and those from the planet, i.e. star and planet 
are not spatially separated. We therefore measure photons coming from both sources, but 
stars are orders of magnitude brighter than planets, which has a profound impact on the main 
sources of noise of our measurements. 

Before trying to estimate the signal-to-noise ratio (S/N) of these measurements, let us 
remind ourselves that photons obey Poisson statistics, that is the standard deviation of a 
measurement is 7 = VN, where N is the total number of photons counted. The signal in 
our case is the total number of photons emitted, absorbed, or reflected by the planet, which 
we indicate with Np. The noise budget includes all the measured photons instead, that is Np 
plus the photons from the parent star N,. Since N, >> Np, the simplest S/N formula that we 
can write is therefore: 

S Np _ Ne 

NON + NP VV 
Going into more detail, there are other sources of noise increasing the denominator. Firstly, 
a measurement contains additional background photons, due e.g. to scattering or emission 
in our own atmosphere. We will call this term Ngy. Secondly, detectors are not perfect 
photon counters and they produce two main additional sources of error, the former being 
additional dark current (Na: electrons generated because of the non-zero temperature of 
the electronics), and the latter being a constant read-out noise per pixel, ogo, due to the 
electronics “counting” the total number of electrons recorded on the detector. 

Due to the fact that all these sources of noise are independent, the S/N formula can be 
trivially generalised by summing them in quadrature inside the square root at the denomina- 
tor: 


(46) 


So Np 
N 2 
N, + Nxy + Naark T NpixT RO 


, (47) 


where Mpix is the number of pixels co-added to extract a spectrum. 

Let us consider an observation of a bright star and therefore use Equation 46, neglecting 
the additional sources of noise. We can manipulate this equation by multiplying and dividing 
by N, and write an explicit dependence on the planet-to-star flux ratio: 


VNax- (48) 


To allow for a wavelength-dependent S/N, we have also explicitly indicated the quantities 
dependent on A. Even for the strongest transmission spectroscopy signals, the planet/star 
flux ratio (Nap/Na4) is on the order of 1073, while at very high spectral resolution on 8- 
meter class telescopes even the brightest stars hardly deliver more than Nax ~ 10° photons 
recorded over a few hours of observations on each individual spectral channel. This means 
that a single feature of the planet’s spectrum, e.g. one spectral line, would be detectable at 
most at a S/N = 1. It follows that some technique is needed to “amplify” the planet’s signal. 
One of such techniques is called cross correlation. 

As the name suggests, the cross correlation is a mathematical operator that measures the 
level of correlation between two vectors, in our case a noisy spectrum and a model spectrum, 
as a function of a shift, which is technically called Jag. Figure 55 shows an example of a CO 
model spectrum with noise added such as each spectral line has S/N of 5 (top panel) and 0.8 
(bottom panel). The latter value is representative of a typical observation of CO with CRIRES 
at the Very Large Telescope, e.g. [16], and while the spectrum is completely buried in the 
noise in this case, its cross correlation with the noiseless model clearly peaks at zero lag. To 
understand what is happening to the S/N formula (Equation 46) it is important to realise that 
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Figure 55: Illustration of the principles of cross correlation. The left column shows the 
comparison between a noiseless model of CO (in orange) and the same model with noise 
added (in blue) at two values of signal-to-noise ratio (S/N) per line, namely 5 (top) and 
0.8 (bottom). The right column shows the resulting cross-correlation function (CCF) as a 
function of the relative shift between the noiseless and noisy spectra. It shows that while at 
S/N = 0.8 it is impossible to distinguish any spectral lines, the CCF correctly peaks at zero 
lag and significantly above the noise floor, due to the co-added signal of many CO lines. 


the cross-correlation acts as a sort of matching filter, thus co-adding the signal from multiple 
spectral lines. If n lines are co-added, Np and N, both increase by a factor of n: 


ce ~ Te = AE (49) 


However, due to the fact that photons obey Poisson statistics, while the signal increases by 
a factor of n, the noise only increases by a factor of yn, thus delivering a net gain of yn in 
S/N. Referring again to the VLT/CRIRES observations of a typical hot Jupiter, the CO band 
around 2.3 um has about 50 strong CO lines, meaning that the total cross correlation will have 
a S/N of (0.8 x V50) ~ 6, resulting in a strong detection. More complex molecules, such 
as water vapour and methane, can have thousands of strong lines across the near infrared, 
providing a much higher amplification factor. 


2.3 Understanding the analysis of high-resolution exoplanet spectra 


The idea behind the use of high resolution spectroscopy to probe exoplanet atmosphere is 
actually older than the first space observations [20, 22]. However, it took another decade to 
develop suitable instrumentation (stable and with a wide-enough spectral range) and most 
importantly a suitable data analysis technique. The latter is truly peculiar to the method and 
therefore deserves a whole section to cover its principles. Here we will review the analysis 
of near-infrared data, which is somewhat more complex than optical HRS. This is due to the 
often negligible telluric absorption in the visible, allowing the extension of techniques suit- 
able for photometry (e.g. taking the ratio between spectra in-transit and those out-of-transit) 
to high-resolution spectra [99]. The other important difference is that optical high-resolution 
spectroscopy typically analyses individual atomic lines (e.g. sodium and potassium) and 
therefore no cross correlation is used to amplify the planet’s signal. 


IV - High resolution spectroscopy for exoplanet characterisation 


Planet model emission spectrum (hot Jupiter) 


Step 1 


Flux 


Wavelength (nm) 
Time sequence of Doppler-shifted planet spectra 


oO 


FI ster 2| 


imi 


Wavelength (nm) 


Adding stellar spectrum + Earth’s atmospheric absorption 


© 
E 
Ê 


Wavelength (nm) 


Adding variable instrumental response (throughput) 


o 


AI ste | 


2288 2290 2292 2294 2296 2298 
Wavelength (nm) 


Figure 56: Illustration of the various spectral components present in a time sequence of HRS 
spectra. The emission spectrum of an exoplanet (Step 1) is subject to a Doppler shift variable 
by tens of km s~! in a few hours of observations (Step 2). This spectrum is overwhelmed 
by the strength of the stellar spectrum mixed with it and the absorption lines in the Earth’s 
atmosphere (Step 3), and additional instability causes the overall recorded flux to vary as a 
function of time (Step 4). 


To start with, we will focus on the way data is organised and how the spectral components 
from the planet, the star, and the Earth’s atmosphere look like. We will take an emission 
spectrum as example, but similar reasoning is applicable to transmission spectra. Step 1 in 
Figure 56 shows a model emission spectrum of an exoplanet containing water and carbon 
monoxide lines. Relative to the continuum of the star, the spectral lines in such models have 
depth of 100 ppm. During an observing night, a sequence of such spectra is observed at 
the telescope (typically a few tens of spectra each exposed for a few minutes at most), and 
spectra are re-organised in two-dimensional matrices with wavelength on the horizontal axis 
and time (or orbital phase) on the vertical axis. Due to the changing orbital radial velocity of 
the planet (non negligible over a few hours of observations), the planet’s spectrum is subject 
to a changing Doppler shift, which is why the sequence of planetary spectra appears shifting, 
giving rise to slanted lines (Step 2). As explained in Section 2.2, in a real observation we 
do not separate the planet and stellar photons, so the faint planet spectrum gets completely 
overshadowed when stellar and telluric spectrum are added (Step 3). The depth of stellar and 
telluric lines is several tens of percent (and can get as high as 100% for very strong lines). 
Furthermore, due to the fact that the telluric lines can be considered stationary in the reference 
frame of an Earth’s observer and stars also move at most by a few hundreds of m s-! (see 
Section 3.1), the position of these lines does not change over the observing night, i.e. they 
fall on the same pixels of the matrix (along the spectral axis, or the x-axis in the Figure). 
Even though the telluric spectrum is stationary in wavelength, the level of absorption varies 
with time because of changes in the overall transparency (due e.g. to variable water vapour, 
clouds, etc.), and changes in the altitude of the target over the horizon (sometimes referred 
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to as geometric airmass). Furthermore, the pointing of telescopes is subject to small errors, 
meaning that the target star is tracked imperfectly leading to variation in the light entering the 
instrument. As a result, each observed spectrum has a slightly different number of photons 
recorded (typical variations on a good night are 20-30%), and this effect appears as a series 
of horizontal stripes (Step 4). 

The analysis of high resolution infrared spectra is designed to “reverse-engineer” this 
process, that is to start with Step 4 in Figure 56 and recover the “cleaned” sequence of exo- 
planet spectra (Step 2). Since its first successful application by [91], several techniques have 
been developed to achieve this result, broadly divided into two categories: blind algorithms 
such as PCA [24, 66] or Sysrem [7], and de-trending by physical parameters [16, 80]. While 
operating similarly on the matrix of observed spectra, these two categories are conceptually 
very different in that the former focuses on a mathematical decomposition of a matrix in a 
series of eigenvectors, while the latter tries to estimate these eigenvectors from measurable 
quantities and physical parameters. In this context we will explain the latter category as it is 
the most immediate to understand: 


1. Each spectrum (each row in Figure) is divided by its median count level. This removes 
variations in pointing and broad-band variations due to airmass. The resulting matrix 
is thus normalised (e.g. the continuum is approximately equal to 1). 


2. The depth of telluric lines changes with airmass, so the next step involves fitting each 
telluric line (each column in the data) as a function of geometric airmass, and dividing 
through the fit. 


3. Water vapour absorption departs from pure airmass dependence because it also depends 
on variable humidity. This produce visible residuals in panel. It is thus necessary to 
apply a second-order correction to water telluric lines, typically by fitting each data 
column by a low-order polynomial. 


4. Generally the previous steps do an excellent job at normalising a large fraction of the 
data, however there are still some residual noisy columns due to imperfect telluric cor- 
rection, saturated spectral lines, or damaged pixels on the detector. These few columns 
(at most a few percent of the total) are masked and not used further in the analysis. 


As estimated in Section 2.2, even after the spectra are cleaned from the stellar and telluric 
absorption, the planet’s signal is too weak to be detected at this stage. We therefore apply 
cross correlation, i.e. we measure the level of correlation between the data and a set of models 
as a function of radial velocity. Since each spectrum of the sequence is correlated against the 
same radial velocity lag, we produce a matrix of cross correlation functions (CCFs), that is the 
level of correlation between data and models as function of radial velocity (on the horizontal 
axis) and time (on the vertical axis), see Figure 57. The planet spectrum will appear as an 
excess correlation (darker colours in the figure) at certain values of radial velocity, shifting 
in time due to the planet’s orbital motion (recall our explanation in Section 2.1). In real 
applications even at this stage it is hard to visually distinguish the excess correlation coming 
from the planet, however it is possible to further enhance the signal to noise by co-adding the 
cross correlation functions in time, i.e. along the sequence of planet radial velocity. We have 
seen in Equation 32 how in the stellar reference frame the planet’s radial velocity depends on 
the orbital phase y and the semi-amplitude Kp. We will now add the motion of the system 
hosting the exoplanet relative to the solar system, which is called the systemic velocity vsys, 
to obtain the general equation: 


RVp = Usys + Kp Sin(27ç). (50) 
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Time / orbital phase 


Planet radial velocity 


Figure 57: Simulated cross correlation matrix as a function of radial velocity (horizontal 
axis) and time (vertical axis) obtained by adding a strong (20x nominal) model of CO to real 
observations of exoplanet tr Boötis b ([16]). It clearly shows the excess correlation (darker 
values in the image) tracing the radial velocity of the planet, which is changing due to the 
varying orbital motion of the planet. 


Generally for transiting exoplanets we know quite accurately the orbital velocity and inclina- 
tion (determining Kp), the orbital phase, and the systemic velocity is also known for bright 
stars to a fraction of a km s~!. For non-transiting systems, depending on how recent the last 
observations were and how strong is the evidence for zero eccentricity, p might be known to a 
percent level, but the orbital inclination is unknown. As a consequence, the co-adding of the 
cross correlation functions is done as a function of two velocities, namely v,,, (determining 
a global shift of the CCFs), and Kp, changing the amplitude — and thus the slope — of the 
slanted line in Figure 57. 

Figure 58 shows the total cross correlation signal as a function of the two velocities for 
the first non-transiting system successfully observed via HRS, namely t Boötis b [16]. The 
detection in this particular case is obtained with CRIRES (R = 100,000) at the ESO Very 
Large Telescope by co-adding about 50 strong CO lines around 2.3 um. The planet was 
observed for a total of 15 hours on 3 different nights, covering orbital phases pre-, during, 
and post-superior conjunction, and resulting in a good range of radial velocities for the planet. 

Once the planet’s RV semi-amplitude Kp is determined, it is possible to calculate the 
planet’s mass with methods akin to spectroscopic stellar binaries. If we denote with K, the 
semi-amplitude of the stellar radial-velocity curve, the mass ratio of the planet is 


M K 

Es, (51) 
M, Kp 

and therefore the planet mass is Mp = M,K,/Kp. It is also possible to estimate the orbital 


inclination of the system via 
F “ff Kp 
i= sin A (52) 
Vorb 


where Vorb is the orbital velocity as defined via Equation 31. Table 4 lists the non-transiting 
planets for which masses and inclinations have been measured through the application of 
HRS. 

Even for transiting planets, despite the good prior knowledge of y, Kp, and vsys, there is 
an advantage in performing the co-adding of the CCFs as a function of the two velocities. It 
ensures that the planet’s signal is correctly detected at the expected radial velocity, and that 
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Figure 58: Detection of carbon monoxide absorption in the day-side spectrum of exoplanet 
t Boötis b, observed at 2.3 micron with VLT/CRIRES ([16]). The dashed white lines show 
the known systemic velocity (vertical line) and the derived planet radial-velocity amplitude 
(horizontal line). The annotations on the two axes connect the quantities represented with the 
slope and the shift of the slanted line of excess correlation shown in Figure 57. 


Planet Inclination Mass Reference 
(degrees) (Myup) 

t Boötis b 45.5+1.5  5.95+0.28 [16] 

51 Pegasi b > 79.8 0.46+0.02 [14] 
HD 179949 b 66.2737 0.96*0 [98] 
HD 88133 b 154 1027 [66] 

v Andromedae b 24+4 1.704533 [67] 
HD 102195 b >72.5 0.46+0.03 [34] 


Table 4: List of non-transiting exoplanets for which mass and orbital inclination were de- 
termined through near infrared high-resolution spectroscopy. Orbital inclinations compatible 
with transits were given as a lower limit. All the quoted error-bars are 1-0. 


there is no other spurious detection in a different region of the parameter space. As we will 
see further on in this Chapter, there are spurious sources of correlated noise that survive the 
data analysis and might cause spurious detections elsewhere in the parameter space, so this 
sanity check is far from redundant. 


2.4 Molecular and atomic species detected 


As of May 2020, HRS has detected five molecular species: CO [11, 14, 16, 17, 24, 35, 74, 
75, 81, 90, 91], H20 [3, 7, 8, 10-12, 14, 17, 34, 35, 47, 66—68, 79, 81], HCN [17, 35], CH4 
[34], and TiO [61]. These species were all detected in the near-infrared with the exception of 
TiO, and they all share the conceptual processing of the data explained in Sections 2.2 and 
ed 

In addition, the higher stability of optical data and the relatively low influence of tel- 
luric lines allowed the extension of techniques originally designed for low-resolution spectro- 
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photometry to high-resolution transmission spectroscopy to extract the excess absorption in 
the core of strong atomic lines. This allowed us to detect atomic species such as H [38], He 
[2, 60], K [39], Ca [96], Na [72, 88], Ti and Fe [37]. 

In terms of exoplanet sample, a total of 25 objects were investigated at high resolution, 
among which 8 non-transiting planets, 15 transiting planets, and 2 directly-imaged planets. 
Contrarily to low-resolution studies, mostly reliant on information coming from the analysis 
and interpretation of light curves obtained with HST/STIS, HST/WFC3, and the 4 Spitzer 
photometric filters, the data and processing of HRS is highly heterogeneous, preventing so 
far comparative studies where the information from the whole sample is put together in a 
coherent fashion. Such comparative studies are instead available at low spectral resolution 
[5, 64, 86]. 


2.5 Thermal inversion layers 


One key scientific question that can be answered trivially at high spectral resolution is 
whether exoplanet atmospheres show strong inversion layers. Originally proposed for planets 
with temperatures above 2,000 K (i.e. above the condensation limits of TiO and VO), thermal 
inversion layers have been controversial for many years and the source of much speculation 
[29, 43, 52, 62, 92]. Recently, evidence from low-resolution spectroscopy has suggested that 
there is indeed a class of hot giant exoplanets exhibiting thermal inversions, but there have 
significantly higher temperatures than initially thought (T > 2,500 K). 

But what is an inversion layer in the first place? As spectral lines correspond to specific 
energy transitions in atoms and molecules, photons are absorbed much more effectively in the 
core of spectral lines than away from them. This means that line cores are formed higher up 
in the atmosphere, because an increased opacity will raise the level of the planet photosphere 
(recall the inset in Figure 51). In emission spectra, the measured contrast between the core of 
a spectral line and the continuum will be dependent on the temperature difference between the 
two regions in the planet’s atmosphere. If temperature decreases with altitude (non-inverted 
atmospheres), the line cores will be formed at lower temperature than the continuum and 
will appear darker, producing absorption lines. On the other hand, if temperature increases 
with altitude, for instance due to a particular species absorbing incoming stellar radiation, the 
line cores will be formed at higher temperature than the continuum and will appear brighter, 
producing emission lines. 

Not only is cross correlation sensitive to the shape and shift of the spectrum, but also to 
its sign. If we were to cross correlate a spectrum containing emission lines with an identical 
spectrum containing absorption lines (e.g. by changing the prescriptions for how temperature 
changes with altitude in the model), we would obtain almost perfect anti-correlation. It is thus 
straightforward to determine if thermal inversion layers are present from HRS data, and this 
was indeed recently done to determine the presence of titanium dioxide causing an inversion 
layer in the atmosphere of WASP-33 b [61]. 

Note that we stated “almost perfect” anti-correlation. In reality flipping the sign of the 
lapse rate, which is defined as dT /dlog(p), does not correspond to an exact flipping of the 
output spectrum. Furthermore, the exact shape of a spectral line reflects the possibly complex 
behaviour of the lapse rate. Moving away from the line core to the line wings, it is possible to 
probe progressively deeper in the planet’s atmosphere, therefore the line profile will become 
potentially very complex if e.g. the atmosphere is non inverted up to a certain altitude and 
inverted higher up. A schematic representation of the effects of various lapse rates on the 
output spectra and cross correlation functions is shown in Figure 59. 

The complexity of line shape was one of the possible causes for the non-detection of 
CO in the emission spectrum of HD 209458 b [80]. While subsequent work has recovered 
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Figure 59: The complex dependence of the planet line profile on the temperature-pressure 
structure of exoplanet atmospheres, illustrated via model emission spectra of HD 209458 b 
([80)). The left panels show the planet/star flux ratio as a function of wavelength, while the 
central panels show the resulting auto-correlation function, both at the original resolution of 
the models (grey line), and at the instrumental resolution of R = 100, 000 (dashed lines). The 
corresponding temperature-pressure profiles are shown in the right panels, demonstrating the 
strong sensitivity of the line shape to the presence of inversion layers. 


this detection [13], the signal in this planet remain incompatible with both an inverted and a 
non-inverted atmosphere with a strong lapse rate, and points instead to a milder lapse rate. 


2.6 From demonstration to comparative exoplanetology 


In Section 2.4 we mentioned that a sample of about 25 exoplanets has been investigated so far 
with HRS. We will now discuss whether the method can be applied on a much larger scale, 
thus opening up comparative exo-planetology in a way that is similar to what is currently 
possible with the dozens of transiting exoplanets observed with HST. 

The first element to consider is the increase in instrumental capabilities that happened 
in the last few years. In reference to the signal-to-noise formula for the cross-correlation 
method, Equation 49, there are three main areas with direct impact on the sensitivity of HRS: 


e Telescope size: as the number of collected photons (N; and WP, in Equation 49) grows 
linearly with telescope area, it follows trivially that the bigger the mirror, the higher the 
S/N. There is an additional dependence on the instrumental efficiency, i.e. the fraction of 
photons recorded by an instrument with respect to those incident on the telescope mirror. 
Modern spectrographs can achieve efficiencies of 5-10% in the near infrared, i.e. 2-3 times 
higher than the previous generation used for most of the HRS studies; 


e Resolving power. the exoplanet signal (Np) has an additional dependence on the resolving 
power of the instrument. The reason for this is that spectral lines are broadened by the so- 
called instrument profile (IP) when observed through a spectrograph. Typically this profile 
can be approximated as a Gaussian profile with full-width half-maximum (FWHM) equal 
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Figure 60: Comparison of the expected performances of past and existing near-infrared 
spectrographs (signal to noise per unit time) based on the criteria described in Section 2.6. 
CRIRES at the VLT is highlighted in orange as it was used to produce the very first successful 
detections. 


to the resolution of the instrument. For the majority of exoplanets, excluding possible 
effects of winds and rotation (Section 3.5), the IP is broader than the width of the planet 
line profile. This holds up to R ~ 250,000 for hot Jupiters, and up to R ~ 500,000 for 
terrestrial exoplanets [48]. By comparing these values with Table 3, it is clear that the IPs 
of most of the spectrographs currently in operation will dominate the width of the observed 
profile. In this regime, the equivalent width of a spectral line is inversely proportional to 
the resolving power, thus the peak-to-continuum line contrast grows linearly with R. For 
higher values of R the planet line profile starts to be resolved, and therefore there is no 
further gain to increase the resolution; 


e Spectral range: Equation 49 contains a term dependent on the number of spectral lines 
available for cross correlation ( yn). For molecules that are opaque over a wide wavelength 
range, such as H20, CHa, and many of the species with 3 atoms or more, n scales linearly 
with the spectral range of the instrument. This is expected: the more simultaneous cov- 
erage a spectrograph has, the higher the number of lines that it can observe at once, thus 
increasing the gain in signal coming from the application of the cross correlation. 


Figure 60 puts all this information together and ranks existing instruments in terms of 
their expected signal-to-noise ratio in cross correlation per unit time spent on sky. Due again 
to Poisson statistics, the S/N approximately scales with the square root of the observing time, 
thus a spectrograph with twice the score in the Figure needs 4x less observing time to achieve 
the same detections. It is clear that telescope size is not the primary requirement of HRS, as 
past observations with CRIRES at the VLT (R = 100,000, 8.2-m mirror, about 2% through- 
put, 70 nm spectral range) can be outmatched by instruments mounted at smaller telescopes 
(e.g. 3.5-m class telescopes such as CAHA or CFHT) but covering the whole NIR (SPIRou) 
or a large fraction of it (CARMENES) with relatively high efficiencies (5-10%). The commu- 
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Figure 61: Known exoplanets for which atmospheric characterisation via HRS is well within 
the range of current instrumentation, i.e. a detection can be achieved in 5-10 hours of tele- 
scope time. Indicated in colours are those planets for which species have been detected al- 
ready. Planets are selected for transmission spectroscopy (radius-temperature plot, left panel) 
and for emission spectroscopy (mass-temperature, right panel). 


nity is just starting to tap into the power of medium-size observatories with HRS capabilities 
[3, 12, 34, 79]. 

The favourable performances of current instrumentation reflect into a much broader sam- 
ple of exoplanets that can be targeted through HRS observations. By looking at Figure 61, it 
is clear that only a small fraction of the 30-40 exoplanets within reach of current observing 
facilities has been observed. While the detected sample is mostly focused on hot Jupiters 
or Saturn-size planets, the potential sample ranges from warm Neptunes to ultra-hot Jupiters, 
offering the unique opportunity to explore exoplanets with a wide range of physical and chem- 
ical conditions. 


2.7 Follow-up of TESS exoplanets 


Launched in April 2018, the Transiting Exoplanet Satellite Survey (TESS) mission [73] was 
designed at a relatively low-cost to find transiting exoplanets around the brightest stars. The 
mission is currently ongoing and has secured funding to extend its operation beyond the orig- 
inal two years of nominal length. At the time of writing, the satellite has nearly completed 
its primary mission to observe both the southern and northern ecliptic hemispheres, with over 
1,900 candidates found and about 50 confirmed through follow-up observations. The mis- 
sion is particularly suited to find planets of intermediate size (2-4 Rg), which as we stressed 
already are the most common exoplanets [30]. Furthermore, a big fraction of these planets 
will be temperate and potentially in the classic Habitable Zone, defined in Section 5.1. 

We can perform a simple exercise trying to scale the current sensitivity of HRS observa- 
tions to the predicted yield of the TESS mission [95]. If we assume observations of water 
vapour in transmission and cloud-free atmospheres, the atmospheric signals can be easily 
scaled by using the formalism explained in Section 1.5.1 and accounting for planet equilib- 
rium temperature, gravity, and increase in mean molecular weight. Further information is 
added about instrumental and telescope performances, following the considerations of Sec- 
tion 2.6, and a full year of dedicated observations is assumed, i.e. the planet is observed 
every time there is a transit opportunity with a penalty of 50% due to weather losses. Fig- 
ure 62 shows the outcome of this simulated observing campaign for two fixed locations on the 
Earth (Mauna Kea, Hawaii and Cerro Paranal, Chile), and two state-of-the-art near-infrared 
spectrographs (SPIRou at CFHT and CRIRES+ at VLT). 
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Figure 62: Simulated yield of the TESS mission highlighting the exoplanets that can be 
followed up via high-resolution transmission spectroscopy in the infrared (coloured circles). 
The S/N of the detection is shown by the size of the symbol, while its colour encodes planet 
temperature. While most of the giant exoplanets (above the band shaded in light blue) will be 
known already, there is a well populated region of planets between 3 and 10 Rẹ that can be 
followed up with a dedicated observing season. Simulations are shown for two observatories 
on the Earth, CHFT/SPIRou in the Northern hemisphere (left panel) and VLT/CRIRES+ in 
the Southern hemisphere (right panel). 


The striking result from these simulations is that there will be a few dozens TESS ex- 
oplanets that can be characterised via HRS. In fact, this potential population is so big that 
unless we dedicate an entire facility to it (with a time investment of 500-700 hours per sea- 
son), it is unlikely to follow up all of them. While the biggest of these simulated exoplanets 
will be known already from previous surveys (and will therefore be some of the targets in 
Figure 61), the majority of smaller exoplanets down to 3 Rẹ will be previously unknown. 
Furthermore, it appears that there is a handful of objects with radii between 1 and 2 Rẹ within 
the reach of a survey, albeit at low S/N. It is important to realise that these numbers are based 
on a simulated yield, and therefore such objects could be the fortuitous outcome of a small 
planet orbiting a particularly nearby, cool star (see Section 5.1) and such planets might not 
exist in reality. 

In conclusion, between the existing sample and the exoplanets found by TESS the next 
few years will likely see an explosion of HRS observations, bringing the amount of detected 
atmosphere on the ballpark of 50-100 by the turn of the decade. 


2.8 Cloudy atmospheres at high spectral resolution 


The importance of studying the properties of Neptune-size exoplanets has been stressed al- 
ready in the introduction of this Chapter (Section 1.1). We have stressed how aerosols (clouds 
or hazes) seem to be an ubiquitous feature of their spectra, and hinted to the fact that they can 
complicate their interpretation. In Section 1.5.1 we have gone more into details and explicitly 
mentioned the “muting” effect of clouds on the transmission spectrum of exoplanets. From 
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Figure 63: Top panel: Infrared high-resolution transmission spectrum of exoplanet GJ 3470 
b in a cloud-free scenario (light blue) and with cloud parameters taken from literature ob- 
servations (darker blue). It shows that clouds have a clear muting effect on the spectral fea- 
tures, although a significant fraction of the signal survives at the resolution of the model 
(R = 50,000). Bottom panel: same as the top panel, but with the transmission of the Earth’s 
atmosphere indicated through vertical opaque bands (darker = less transparent). It is clear 
that, due to water vapour in the Earth’s atmosphere, the best exoplanet signal is shielded from 
a ground-based observer. 


Hubble Space Telescope observations, we have seen two extreme examples of this, i.e. the 
flat transmission spectrum of the super-Earth GJ 1214 b [46], and GJ 436 b [41]. More re- 
cently, we have also seen a less extreme case where the spectrum is heavily muted, but some 
of the molecular signature of water vapour survives [6]. 


In this Section we will investigate whether cloudy spectra look different at high spectral 
resolution, and we will highlight some important observational consequences. The top panel 
in Figure 63 shows two model spectra of GJ 3470 b, a Neptune size exoplanet with T ~ 800 
K. In lighter colours we show the spectrum in the absence of clouds, whereas in darker 
colours the same spectrum is calculated with a cloud deck compatible with the observations 
of Benneke et al. [6], including a drop in the cloud opacity for wavelengths longer than 2.5 
micron. This is expected when the size of the condensate particles becomes comparable to the 
wavelength of the light, because in this regime Mie scattering operates, which has a inverse 
dependence on wavelength. 


Compared to the HST spectra, which is already almost completely flat at a resolving 
powers of R=35-50, the HRS spectrum preserves a large fraction of the water vapour sig- 
nal above the cloud deck, i.e. the signal of the strong spectral lines formed at atmospheric 
pressures lower than 0.1-1 mbar, which is the value inferred from HST observations. To be 
slightly more qualitative, while the amplitude of the water band around 1.4 um is reduced by 
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about 90% in HST observations, simulated HRS observations show instead that more than 
50% of the signal survives. 

While the above finding seems in strong favour of high-resolution spectroscopy, it is 
important to realise that the surviving signal is just one part of the puzzle, because it neglects 
the fact that HRS can only be performed with ground-based telescopes. The bottom panel of 
Figure 63 shows the same two spectra of GJ 3470 b and in addition an indication of the main 
absorption bands in the Earth’s atmosphere. Since water is one of the main constituents, the 
best observing windows are all outside of the main water bands (the classic YJHK infrared 
bands), but these are also the bands most strongly affected by clouds, even at high spectral 
resolution. 

HRS allows us to partially overcome the blocking effects of the Earth’s atmosphere and 
access portions of the spectrum traditionally excluded from broad-band photometry. This 
happens because the high resolution telluric spectrum has enough room in-between the strong 
telluric lines to allow astronomical observations. However, telluric contamination will need 
to be dealt with and the analysis described in Section 2.3 pushed much further than in the 
past. A better alternative is perhaps to aim for the spectrum at longer wavelengths, e.g. the 
L- and M-band accessible with CRIRES+ at the VLT or NIRSPEC at Keck. As we already 
mentioned, at these wavelengths the cloud opacity is likely to drop due to the effects of Mie 
scattering. 

The verdict on whether high-resolution spectroscopy has a clear advantage over low- 
resolution observations is still pending, and while at the time of writing there are two studies 
in preparation showing that this is indeed the case (S. Gandhi, C. Hood, private communica- 
tion), it is still premature to report these finding in the context of this Chapter. 


3 The star as a source of astrophysical noise 


Stars are far from being perfect black bodies. Even the earliest types - which at optical wave- 
lengths show the smoothest spectrum, have spectra composed by an “envelope” resembling 
a black-body spectrum, which we call the continuum, and series of spectral lines. Lines in 
stellar spectra are formed by atoms or molecules present in the atmosphere, and their strength 
and richness are strongly dependent on the chemical composition and physical conditions of 
the star. 

In previous sections we have already mentioned that moving in and out of a spectral 
line means changing the opacity of the atmosphere, therefore we expect different lines to be 
formed at different depths, each characterised by a certain temperature and a certain velocity. 
The latter is due not only to convective motion of stellar photospheres, but also to the compo- 
nent of the rotational velocity projected along the line of sight. It follows that stellar spectra 
encode the combined effects of chemical, physical, and dynamical conditions some of which 
can be variable on both temporal and spatial timescales. We should consequently expect 
that stellar spectra influence our inference on exoplanet spectra, which are measured using 
spectral and temporal differential measurements, especially during transit when an exoplanet 
crosses different portions of a stellar disk. 

In HRS observations, a particularly relevant case is when studying a molecule, such as 
carbon monoxide, that has a very similar spectrum regardless of temperature. For instance, 
Figure 64 shows that the CO spectrum of an exoplanet at 1,800 K (bottom panel) is quite 
similar to the CO spectrum formed in the photosphere of G or K dwarfs (top panel). This 
means that any residual stellar spectrum not effectively removed by the analysis explained 
in Section 2.3 can result in spurious cross correlation signals competing with, and in some 
cases outshining, the planet signal. We therefore expect stellar spectra to produce a complex 
Doppler signature and to be a “nuisance” to exoplanet observations. 
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Figure 64: Spectral signature of carbon monoxide around 2.3 micron. The top panel shows 
two main sequence, solar abundance stars (the G2 dwarf 51 Pegasi and the K1 dwarf HD 
189733), whereas the bottom panel shows the emission spectrum of a hot Jupiter at 1,800 K. 
Despite the big difference in temperature, the structure of the CO band is remarkably similar. 


In the next sections we will discuss the various effects that can produce a net stellar 
Doppler signature interfering with exoplanet signals. 


3.1 Stellar spectra are non-stationary 


In Section 2.3 we have shown how the analysis applied to high resolution spectra can effec- 
tively remove any spectral component that is stationary in wavelength, i.e. with a negligible 
change in radial velocity during the observations. The issue here is that the star will change 
its radial velocity slightly during a few hours of observations, due to two main effects: 


1. The reflex motion around the centre of mass of the system hosting an exoplanet. For 
hot Jupiters, this can amount to a few tens of m s7! and is used to detect exoplanets 
via the radial velocity technique (Section 1.3). Due to the fact that HRS of exoplanets 
deals with Doppler shifts at the level of km s~! or greater, the stellar RV component is 
generally regarded as negligible; 


2. The change in barycentric velocity of an observer on the Earth. The latter will move 
with a non-zero radial velocity with respect to the centre of gravity of the solar system, 
which is called barycentric velocity (var) and is time-variable. It will add up on top of 
the radial velocity of the system (the systemic velocity uss). The barycentric velocity 
consists of the projected rotational velocity of the Earth (at most +0.5 km s7! at the 
equator) and the projected orbital velocity of the Earth (at most +30 km s~!). The 
combined change of these two components over a few hours of observations typically 


amounts to a few hundreds m s~!. 


The combined radial velocity of the star measured by an observer on the Earth (RV,) is thus 


RV, = Usys + Ubary(t) + Ky sin{2n[y(t) + 0.5]}, (53) 
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where the negligible orbital component is the product of the stellar RV semi-amplitude (K,) 
and the sine of the orbital phase of the star. Stellar phases have been obtained from the 
planet’s orbital phase 4 by adding 0.5, which is half of the orbit. 

We can now write a complete version of Equation 32 expressing the planet’s radial veloc- 
ity as measured by an observer on the Earth: 


RVP = Usys + Upary(t) + Kp Sin[27p(?)], (54) 


where Kp is now the semi-amplitude of the planet’s radial velocity curve. In the two equations 
above we have explicitly indicated those terms that are time dependent. 


3.2 Stellar cross-correlation noise in day-side observations of exoplanets 


Due to the vpary term in Equation 53, the stellar spectrum is non-stationary in the reference 
frame of a ground-based observatory, and it will not be perfectly corrected by the analysis 
applied to HRS data. Imperfect correction will result in residual cross correlation noise, 
which is evident in the two-dimensional cross correlation map shown in Figure 65 (top panel). 
This is a real observation of CO in the atmosphere of the exoplanet HD 189733 b, originally 
published by [24] and re-analysed by [21]. In theory, due to the fact that the star moves 
with the system but its RV amplitude is small (Ką « 1 km s7!), the stellar noise should be 
confined to (Vrest, Kp) + (0,0) km s7!. However, due to the change in RV caused by the vVpary 
term and by the fact that even small stellar residuals can be orders of magnitude stronger than 
the planet’s signal, spurious stellar cross correlation propagates to Kp # 0, causing an evident 
nuisance in the data even at the position of the planet (white dashed lines in the Figure). In 
this case the detection of the planet would not be prevented, but certainly confused by the 
stellar noise. 

A more serious case is the study of the emission spectrum of exoplanet 51 Pegasi b, 
originally published by [14] and also re-analysed by [21]. Being a non-transiting planet, the 
orbital radial velocity of 51 Peg b is not known. When co-adding three different nights of 
observations, there is a candidate exoplanet signal at the expected null rest-frame velocity 
and Kp = 130 km s“!, however this is also strongly contaminated by stellar residuals in one 
of the nights (Figure 66, left panels). This contamination prevented the authors of the original 
paper from claiming a secure detection. 

In Section 3.4 we will show how these observations can be cleaned up by using a three- 
dimensional model of the stellar photosphere to accurately remove the stellar lines. 


3.3 Stellar spectra are distorted during transit 


The noise from the underlying stellar spectrum is even more severe in the case of a transiting 
planet. This is due to the fact that during transit the planet is blocking different parts of 
a rotating stellar surface, and that this surface is heterogeneous in that the intensity of the 
spectrum varies from the centre to the limb. Lastly, the stellar photosphere is subject to 
granulation and activity, which further breaks any assumption of homogeneity. In this Section 
we will treat each of these effects separately. 

Moving from the centre to the limb of a star, we see progressively higher layers of the stel- 
lar atmosphere. This is due to a geometric effect: while the photosphere of the star emerges 
from the layer with optical depth close to unity, due to the slanted angle between the nor- 
mal to the stellar surface and the line of sight the same distance along the line of sight will 
correspond to a smaller depth into the stellar atmosphere to keep the optical depth constant. 
As a consequence, the layers from which the stellar radiation emerges will be cooler at the 
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Figure 65: Top panel: Detection of CO absorption in the dayside spectrum of exoplanet HD 
189733 b (de Kok et al. 2013)as a function of planet rest-frame velocity and radial-velocity 
semi-amplitude. While the planet is detected at the expected position (white dashed lines), it 
is also contaminated by strong stellar residuals, as shown by the slanted broad features blue- 
shifted compared to the planet’s signal. Bottom panel: same as the top panel, but with the 
stellar spectrum now removed through the modelling described in Section 3.4. 


limb (resulting in the typical darkening quite evident at optical wavelengths) while spectral 
lines may result deeper or shallower according to their preferential formation depth. We 
generically refer to this effect as Centre-to-Limb Variations (CLVs) and they can represent a 
significant source of excess (or defect) flux in the transit light curves, at the level of precision 
compatible with atmospheric studies [18]. 

A rotating stellar surface produces a broadening of the stellar spectrum, with spectral lines 
deviating from the quasi-Gaussian profile that would be produced by the Instrument Profile, 
and converging instead towards a bell-shaped profile for progressively faster rotation. Since 
each portion of the rotating disk contributes to the spectrum with a different Doppler-shift (a 
different portion of the line profile), when an exoplanet blocks a fraction of the stellar disk 
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Figure 66: CO absorption in the dayside spectrum of exoplanet 51 Pegasi b as a function of 
planet rest-frame velocity and radial-velocity semi-amplitude, originally published by [14] as 
a tentative detection. They recovered a signal similar to that shown by the left panels, where in 
addition to a well localised planet candidate (white dashed lines) there was a noticeable stellar 
residual signal (the slanted lines at different angles). Once a model of the stellar spectrum has 
been removed as explained in Section 3.4 (right panels), the planet signal remains the only 
unambiguous detected source. 


this profile results “distorted”, because it will be missing the contribution from the underlying 
fraction of the rotating stellar surface. This is known as the Rossiter-McLaughlin effect and 
is known since a century to affect the spectra of binary eclipsing stars [56, 78]. It has been 
used widely to measure the alignment between the spin of the star and the orbit of exoplanets 
[69], and it results in a spurious shift of the centroids of cross correlation functions in data 
taken for stellar radial velocities. 


3.4 Modelling the background stellar spectrum 


Stars more massive than 1.3 solar masses transport heat in their outer layers by convection. 
This can be simulated by three-dimensional models of stellar photospheres, such as the snap- 
shot shown in the bottom panel of Figure 67 [53]. The red and blue stars denote elements on 
the stellar surface (columns of fluid) that rise toward the surface or sink back toward the inte- 
rior, respectively. The corresponding profiles of a CO line formed at those two positions are 
shown in the top panel with the same colour scheme, and compared to all the other profiles 
in the snapshot. While on average the amount of mass rising and sinking need to conserve, 
the weighting of each parcel of fluid is not equal. Rising columns of gas are hotter (hence 
brighter) and they occupy more volume than the sinking columns, therefore they weigh more 
in terms of emitted flux. This means that overall we expect the profile of a spectral line 
formed in the photosphere to be blue-shifted by convection. The actual line profile is even 
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Figure 67: Snapshot of a three-dimensional K-dwarf simulation computed at the centre of the 
stellar disk, showing the granulation pattern of the star (bright and dark cells in the bottom 
panel). The varying profiles of the CO line around 2301.5 nm are shown in the top panel, 
with those coming from a rising (in blue) and a sinking (in red) column of fluid highlighted 
in colour. The observed CO profile, resulting from the sum of all the profiles, will be skewed 
and blue-shifted overall. 


more complicated, and results from the addition of all the columns of fluid in the convec- 
tive stellar photosphere, i.e. from the addition of all the profiles shown in the top panel of 
Figure 67. It follows that a realistic stellar profile, which can be appropriately encapsulated 
via 3D simulations, will be skewed and blue shifted overall. The more common practice to 
approximate a stellar line profile by using the outcome of one-dimensional radiative-transfer 
calculations, broadened by a micro- and macro-turbulence parameters, can only approximate 
the symmetric part of the line profile, but cannot account for its skewness and overall blue 
shift. 


It is possible to extend the 3D simulations to the whole stellar surface by tiling this up 


with many boxes such as those in Figure 67, appropriately tilted in order to follow the direc- 
tion normal to the stellar surface. Tilting a three-dimensional box will ensure that radiative 
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transfer is computed along slanted line of sights, thus accurately simulating the effects of 
CLVs. This will give us the stellar spectrum as a function of position on the stellar surface, 
i.e. a radial coordinate u (the cosine between the normal to the stellar surface and the line 
of sight) and the azimuth ¢. Once integrated numerically over the whole stellar surface, the 
modelled spectrum is ready to be removed from the observational data, provided the spectra 
have been accurately calibrated in wavelength and that the instrumental broadening profile of 
the spectrograph is well known. 

When such a procedure is applied to the spectra of 51 Pegasi and HD 189733 previ- 
ously discussed, the residual cross correlation coming from the stellar spectrum is reduced 
to negligible levels and it is possible to securely identify the planetary signature as the only 
significant source in velocity space. This is shown by the bottom panel of Figure 65 for HD 
189733 b and by the right panels of Figure 66 for 51 Pegasi b. 

Moving onto transiting planets, the model needs to be expanded to solve for the geometry 
of the transit, i.e. determining which elements of the stellar surface are occluded as a function 
of time. This can be done with various degrees of complexity, but here we review the simple 
numerical approach where we subdivide the stellar surface into a Cartesian grid, and we 
determine which elements are eclipsed by the planet at each instant of the transit. As every 
element of the grid has a spatially-resolved spectrum (resulting from the 3D simulations 
introduced above) and a velocity field (from stellar rotation) associated, the total spectrum is 
obtained by summing over all the unocculted elements, properly Doppler shifted to account 
for their radial velocity. 

The power of this approach is that the simulated spectrum will naturally include the RM 
effect and CLVs, as shown for example in Figure 68 for HD 189733, a K1V dwarf, computed 
around the absorption band of CO while the hosted exoplanet HD189733 b transits. In the 
figure we have applied the principle of Doppler tomography, where the average spectrum 
out of transit is subtracted out of the entire sequence, thus revealing the changes in the line 
shape as a function of time as an excess or deficit of flux. It shows that for this system CLVs 
account for a residual signal at ~ 5 x 1074 level, while the combined CLVs + RM effect 
amount to an order of magnitude more, or about 5 x 1074. This is also the order of magnitude 
of the signal expected from the planet’s transmission spectrum, and therefore it follows that if 
RM and CLYs are not properly modelled and removed, no signal can be confidently detected 
from the planet. In the next section we will review a practical application of the modelling 
described in this section, that is the measurement of winds and rotation of an exoplanet from 
its transmission spectrum. 


3.5 Stellar modelling to accurately measure exoplanet winds and rotation 


Due to their close-in orbits, hot Jupiters become tidally locked on very short timescales. As 
shown by [84], the synchronisation timescale Tsync can be approximated as 


R? Mp 2 ä 6 
rom = ofa l2) (5) (w — Ws), (55) 


where Q is the quality factor describing how the planet’s interior reacts to torques, a the semi- 
major axis of the orbit, w the initial rotational frequency and ws its synchronous value. For 
typical hot-Jupiter systems and Q ~ 10° (the accepted value for Jupiter), the timescale is as 
short as 10° years, negligible compared to the age of evolved systems (> 1 Gyr). Synchro- 
nisation implies that the rotational and orbital periods are the same. This produces two main 
regimes of atmospheric circulation in hot Jupiters: 
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Figure 68: Modelled spectrum of HD 189733 (K1 dwarf) during the transit of its exoplanet, 
divided by the out of transit average model spectrum. The top panel shows the effect of centre- 
to-limb variations on the shape and intensity of CO lines, while the bottom panel combined 
this effect with the (much stronger) distortion coming from the differential occultation of the 
rotating stellar surface during transit (Rossiter-McLaughlin effect). 


e At low pressures (higher up in the atmosphere), winds up to a few km s™! flow from the 
permanent dayside to the permanent night side of the planet, resulting in a net blue-shift 
measurable during transit, i.e. when we probe the planet’s terminator; 


e At high pressures (lower in the atmosphere), i.e. the 0.1-1 bar typical of the planet’s pho- 
tosphere, the Coriolis force causes the onset of a strong eastward equatorial jet, which can 
be super-rotating compared to the bulk synchronous rotation. This causes a net shift of 
the planet’s maximum thermal emission towards the east, which observationally results in 
phase curves having maxima before secondary eclipses. 


Interestingly for HRS, the interplay of atmospheric winds with intensities up to a few 
km s~! can broaden and more generally distort the planet line profile, to an extent that is 
likely detectable through observations [40, 58, 71, 85]. In the optical the effect of winds has 
indeed been measured by [99] and [49] through the investigation of sodium absorption in the 
atmosphere of HD 189733 b. A few years earlier, [91] tentatively claimed a net blue-shift 
of the transmission spectrum of another archetype hot Jupiter, HD 209458 b. In this case, 
rather than looking at the sodium doublet, the blue shift was measured through the combined 
cross-correlation of all the CO lines around 2.3 um. 

In this context we will briefly review the first attempt at constraining both winds and 
rotation from the transmission spectrum of a very well known hot Jupiter, HD 189733 b. 
This system has come up a few times before, and especially in Sections 3.1 and 3.4 when 
mentioning the necessity for modelling and removing the spectral component from the parent 
star. 

A very first attempt at stellar removal was made by using a parametric line profile via 
micro- and macro-turbulence [10]. Due to the asymmetries in the line profile described in 
Section 3.4, this approach was not sufficient to completely correct for the stellar spectrum, 
however it was at least successful at suppressing the CO signal from the parent star, thus 
revealing a clear and unambiguous detection of combined H20 and CO absorption coming 
from the planet’s atmosphere. Additionally, the analysis of the shape of the planet line profile, 
inferred from the shape of the cross correlation function, allowed the authors to claim a net 
blue shift of the exoplanet spectrum and a broadening most consistent with an equatorial wind 
speed around 3.5 km s”!. 
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All this inference was obtained via a two-parameter model of the planet’s atmospheric 
circulation. The planet was supposed to rotate as a rigid body (yielding the first parameter 
— rotational period) and an additional equatorial super-rotation was allowed (yielding the 
second parameter — equatorial super-rotation). Due to the intrinsic similarity of these two 
parameters on the planet’s line profile, it was not possible to disentangle the rotation com- 
ponent from the equatorial jet super-rotating, but nevertheless it was possible to exclude fast 
rotations that would be more typical of the giant planets of the solar system. 

However, it is important to realise that a parametrisation such as the one just described 
is not physically plausible. Since rotation triggers the onset of the Coriolis force, which in 
turns determine the global circulation patters, winds and rotation are intrinsically connected 
and cannot be considered as independent. [28] took one step forward and utilised the pre- 
dictions from three-dimensional general circulation models (GCMs) to calculate models to 
cross correlate with the existing data. As the diagnostic from GCMs adds a significant level 
of detail to the line shape, they also decided to pair the analysis with the correction of the 
stellar spectrum via the 3D modelling outlined in Section 3.4. 

The resulting improvement in the measured signal from carbon monoxide alone is shown 
by the right panel in Figure 69, which also contains for comparison the same signal mea- 
sured without any stellar correction and with the one-dimensional approach of [10]. Such a 
refined approach allowed the authors to improve the constraints from their parametric model 
of winds and rotation. Furthermore, it firmly showed that GCM models can correctly repro- 
duce a net blue shift of the spectral lines during transit (due to the low-pressure atmospheric 
flow), and that indeed rotation and equatorial jets are physically inter-connected. As soon as 
rotation is significant, the equatorial jet stream onsets with wind speeds nearly independent 
from the rotational rate. This has the effect to “equalise” the width of the line profile, thus 
hindering our ability to precisely measure the bulk planet rotation. This result clearly shows 
the shortcomings of a purely parametric approach if the choice of parameters is not informed 
by a thorough physical modelling. 


4 Estimating significance and error bars 


In previous sections we presented a very qualitative review of HRS results, focussing on the 
analysis and on the scientific questions, without delving too much into the details of how 
significance and error bars were obtained. As this is not a trivial issue, this Section is devoted 
to clarify some of the techniques used in past literature. 

At low spectral resolution the analysis produces spectra that can be directly compared to 
models, e.g. via chi-square analysis. This also enables relatively straightforward Bayesian 
retrieval via e.g. MonteCarlo simulations. HRS returns instead a matrix of cross correlation 
values, and these are notoriously harder to treat because we do not have a “ground truth” to 
take as a reference. Indeed, as we explained in Section 2.2, the actual observed spectrum is 
too noisy to show any spectral features, so we have to rely on measuring the level of corre- 
lation between the data (whatever spectrum they contain) and a set of models. Understand- 
ing the statistical properties of cross correlation functions is also an additional challenge, 
but thankfully all these aspects of the analysis are currently known, although much of the 
progress has only been made in the last few years. 


4.1 The signal-to-noise approach 


The first and most straightforward method to estimate the level of a detection relies on the 
signal-to-noise theory. In the two-dimensional matrix of CCF versus (v,,,, Kp), such as those 
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Figure 69: Carbon monoxide signal in the transmission spectrum of HD 189733 b as a func- 
tion of rest frame velocity and planet maximum radial velocity, measured with three different 
analysis. In the left panel, the stellar spectrum is not modelled nor removed prior to the anal- 
ysis described in Section 2.3, resulting in strong stellar residuals in cross correlation due to 
RM effect and CLVs. In the middle panel, a one-dimensional line profile is assumed for the 
stellar CO lines and the modelled spectrum is removed from the data, resulting in noticeable 
improvement ([10]). In the right panel, a full 3D simulation of the stellar photosphere as 
described in Section 3.4 is utilised to clean the data from the stellar spectrum, resulting in the 
complete correction of stellar residuals ([28]). 


shown in Figure 58, the maximum value of cross correlation is divided by the standard devia- 
tion of the values away from the peak to obtain the signal-to-noise ratio (S/N) of the detection. 
Error bars are then defined by the region in the parameter space where the S/N drops by one. 
The S/N is an intuitive quantity to compute, however it has two major drawbacks. Firstly, 
some of the structures in the CCF away from the peak are not noise, but rather secondary 
peaks (also known as aliases) of the real signal. Secondly, it is plausible that different values 
Of (Usys,Kp) have different noise properties, because moving in velocity means sampling re- 
gions of the spectra that can be affected by telluric or stellar residuals differently (recall our 
discussion about the slope and the shift of the CCF in Section 2.3). Lastly, by computing 
the S/N in the total cross-correlation matrix (i.e. after summing in time), it is not possible 
to identify cases where the detection comes only from a few spurious CCFs (i.e. individual 
spectra with anomalously high noise) rather than from the whole sequence. While normally 
this last condition can be excluded by visual inspection, arguably a more objective practice 
would be preferable. 


4.2 The Welch t-test 


A more statistical assessment of the significance of the detection can be obtained by analysing 
the values of cross correlation before they are summed in time, i.e. on the CCF as a function 
of RV and time shown in Figure 57. If a correlation signal from the planet is present, the 
values of the CCF corresponding to the planet’s radial velocity curve (the so-called planet 
trail) will have a higher mean than those away from the planet’s RV. In the figure this is 
shown by the slanted line with darker colour values following the planet’s trail. 

The Welch t-test allows us to perform a statistical test on two sample distributions — the 
in-trail and out-of-trail distribution of CCF in our case — and reject the null hypothesis that 
the two are drawn from a parent distribution with the same mean. The version of the t-test 
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Figure 70: Example of the effects of HRS data analysis on the planet signal. A time sequence 
of exoplanet model spectra (top panel) is injected in real data at the early stages of the analy- 
sis, and then recovered at the end of the analysis (bottom panel) as explained in Section 4.3. 
Although largely preserved, the exoplanet signal has been visibly altered with extra structures 
appearing in both the temporal and wavelength domains. 


designed by Welch is more general than the standard Student’s t-test, in that it allows the two 
samples to have unequal size and variance. 

Two assumptions are fundamental to the proper application of the t-test: the former is 
that the sample of cross correlation values has a Gaussian distribution, and the latter that 
the values are independent. While the agreement between the CCF values and a Gaussian 
distribution can be easily proven via Gaussian fitting to the histogram of cross correlation 
values, or more qualitatively via Q-Q plots, the assumption of independence is unlikely to be 
completely correct. Even by ensuring that the step in RV is coarse enough not to oversample 
the instrumental profile (which, for instance, is 3 km s7! in the case of CRIRES), some level 
of correlation between adjacent radial velocity values is inevitable. In applying the t-test it is 
implicitly assumed that this level of correlation is small and most imprtantly constant, so that 
it affects all the data equally. This is a very good approximation due to the good stability of 
instrumental profiles. 

The level of significance at which the null hypothesis is rejected (i.e. the in-trail and out- 
of-trail samples have the same mean) is quoted as the significance of the detection, and n — o 
error bars can be determined as contours levels in the parameter space where the significance 
drops by n. 


4.3 Estimating the “model” cross correlation function 


Some applications of HRS require not only matching the position and amplitude of the 
planet’s spectral lines, but also their shape. This is necessary e.g. when estimating winds 
and rotation of exoplanets such as in Section 3.5. In this case a different approach was intro- 
duced to estimate the cross correlation of a model directly, so that it can then be compared to 
the measured cross correlation via goodness of fit statistics. 

In the case of a perfect match between the planet spectrum and the model spectrum, one 
would be tempted to assume that the measured cross correlation should be equal to the model 
auto-correlation function (that is, the model cross-correlated with itself), except for the noise 
budget. However, due to the data analysis applied to remove telluric and stellar lines (see 
Section 2.3), the true planet spectrum is altered. 

Fortunately, a fairly robust method can be used to quantify the exact nature of this al- 
teration. A planet model spectrum, scaled to the right planet/star flux and shifted by the 
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appropriate radial velocity following Equation 54, is injected into the data as early as possi- 
ble along the pipeline (normally just after wavelength calibration). By injecting here we mean 
multiply by the transmission spectrum in the case of transit observations, or by (1+FP/F,) 
in the case of an emission spectrum. The injected dataset is then passed through the full data 
analysis to remove telluric and stellar spectra, and lastly the difference between the injected 
and the real data is taken. As shown in Figure 70, while largely preserved by the analysis, the 
planet signal has been visibly affected, most notably in the form of extra banding or stretch 
as a function of wavelength and time. 

We can take this comparison a few steps further, and take the difference between the 
cross correlation functions after summing the whole sequence in time. This will effectively 
give us the cross-correlation function of our model, which we can now compare to the CCF 
measured from the real data via chi square. This approach was used successfully in past work 
[10, 13, 28] and remained the most effective approach until the recent development of a full 
statistical treatment of the CCF. 


4.4 Bayesian analysis on high-resolution spectra 


The most recent approach at deriving the statistical properties of cross correlation in its exo- 
planet application was done by [15]. They took a more direct approach where they converted 
cross-correlation values into a likelihood function. In a “standard” goodness of fit approach 
where models are compared to data directly it can be shown that there is a direct relationship 
between the chi square and the log-likelihood, such as 


1 
log L = = (56) 
When data and model are cross correlated, a more complicated relation can be derived: 


logL = -2 log(s; + s3 — 2R), (57) 
where s* and s are the data and model variance, respectively, R is the cross covariance (i.e. 
the numerator of the cross correlation), and N is the length of the vector over which a cross- 
correlation function is calculated. 

With a cross-correlation-to-likelihood conversion scheme, it is then possible to run 
Bayesian retrieval, e.g. MonteCarlo methods, to estimate the best-fit parameters and de- 
termine their confidence intervals. As conceptually simple at is sounds, the implementation 
took about two years of testing, and most of the work went into ensuring that the analysis 
would be unbiased. In a nutshell, the distortion effects on the planet signal described in Sec- 
tion 4.3 need to be minimised through a specific analysis, and replicated on the model as 
well. 

In the optical, where the instrumental and atmospheric stability is superior, alternative 
likelihood conversions have been derived following [15], for instance a similar approach by 
[32] where the authors allow for unequal errors on each element of the vectors to be cross 
correlated, or [65], where the likelihood is reduced to a chi-square on the cross correlation 
functions. 

In [15], strong conclusions were derived on the investigative power of HRS from simu- 
lated datasets: 


e HRS can measure absolute abundances, and not only relative abundances. On known hot 
Jupiters, sub-dex precision on abundances is achevable. 
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e HRS can constrain radial velocities of currently observed exoplanets to better than 1 km 
s7}. It is thus potentially sensible to the large-scale atmospheric circulation induced by 
rotation and radiation forcing on these exoplanets (see e.g. the measurements described in 


Section 3.5. 


4.4.1 Combining low- and high-resolution spectroscopy 


With a cross-correlation-to-likelihood scheme available, it becomes trivial to combine obser- 
vations from space observatories (photometric points or low-resolution spectra) with HRS. As 
long as the same set of models is computed consistently for all data sets (i.e. with the same 
assumptions and numerical methods), it is just sufficient to sum the log-likelihood functions 
and compute Bayesian inference on the total log-likelihood function. 

Combining datasets at varying resolution is not just a signal-to-noise exercise. Space ob- 
servatories excel in delivering precise absolute measurements of the planet-to-star flux, and 
broad-band variations. High-resolution spectroscopy delivers information about the core-to- 
continuum line contrast, line shape, and line-to-line contrast. These are two complementary 
sets of information, i.e. they are two independent measurements encoding the same atmo- 
spheric parameters, thus leading to error bars that are shaped very differently. Therefore, 
when computing the joint distribution of these data, the expectation is that the error bars 
will shrink significantly not only because more data is added, but also because part of the 
parameter space is mutually excluded. 

While [13] hinted at this synergy between low- and high spectral resolution even without 
the rigorous use of a likelihood function, it was in [15] that simulations clearly showed the 
advantage. The hot Jupiter HD 209458 b was simulated both via HST/WFC3 observations 
of secondary eclipse (at 30 ppm precision per 35 nm bin), and VLT/CRIRES observations 
of dayside spectrum (5 hours). By combining the datasets it was possible to constrain the 
planet’s metallicity to within 1 dex and the C/O ratio to within 0.3 dex. The same exercise 
was repeated on real data by [31], who reported similar improvements in the precision of 
measured abundances and T — p profile. 

With this tool at hand, it is now possible to simulate coordinated ELT and JWST obser- 
vations, to determine not only what is the optimal combination of exposure time and wave- 
lengths to extract the maximum information from the data, but also what are the scientific 
questions that most benefit from the combined approach. 


5 Bridging the gap towards habitable planets 
5.1 Planets around M-dwarf stars 


M-dwarf stars represent the low-mass tail of the stellar population. As such they are smaller 
and cooler than the Sun, and therefore much less luminous. While this generally results in 
stars that are quite faint at optical wavelengths, in the near-infrared M dwarfs — especially 
the closest ones — can still be quite bright. 

The opportunity for exoplanet characterisation becomes clear if we consider the 
planet/star flux ratio of a hot Jupiter around a sun-like star, and we ask ourselves what type 
of exoplanets would be observable around an M dwarf by keeping the ratio constant. Figure 
71 shows a schematic view of this exercise, from which it is possible to conclude that a 1.3% 
transit depth around a low-mass star would allow us to detect a planet that is just twice the size 
of the Earth. But the increase in sensitivity becomes even bigger when we consider emission 
spectra, as the thermal emission of a 1,200 K hot Jupiter around a solar type star would be 
equivalent to that of a planet with 4 times the Earth’s radius and temperature equal to 800 K 
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Figure 71: Schematic comparison of transmission (top row) and emission signals (middle 
and bottom row) from exoplanets, showing that a hot Jupiter around a solar-type star has 
approximately the same planet/star contrast than a warm Neptune around a M-5.5 star. 


(at 2.3 um) or 700 K (at 3.5 um). This striking result tells us that warm sub-Neptunes around 
nearby M dwarfs are already within the reach of current technology. 

The question is: are there such stars and such planets? The answer to the first question is 
definitely yes, as M dwarfs happen to be the most numerous stars in the solar neighbourhood, 
making up over 75% of the stellar population. To answer the second question, we can refer 
to the study of [25], who clearly highlighted that while exoplanets are common around any 
stellar type, their occurrence rate firmly increases around M-dwarf stars to yield around 2.5 
planets per star. A quick census of nearby exoplanet systems seems to confirm these predic- 
tions: despite being a highly incomplete sample, there are 70 planets known within 10 pc, 
and 35 within 5 pc, with notable examples being the couple of exoplanets orbiting the nearest 
star to the solar system, the M5.5 Proxima Cen [4], and the system of 7 transiting planets 
around the M8 star Trappist-1 [33]. 

A third element conspires in favour of planets around M-dwarfs, which is their low lumi- 
nosity. The range of distances from the parent star compatible with the long-term presence of 
liquid water on the surface of a planet identical to the Earth (i.e. the classic Habitable Zone 
— or HZ) moves inward with decreasing luminosity, with the consequence that temperate 
planets in the HZ of M dwarfs have very tight orbits [45]. For instance, while Proxima Cen b 
orbits at only 0.047 au from Proxima, it is firmly in the HZ. This has a very favourable obser- 
vational consequence: not only are temperate planets around M dwarfs orders of magnitude 
brighter than around solar-type dwarfs when compared to their parent star, but they also have 
an increased probability of transiting, as the transit probability scales approximately inversely 
with the semi-major axis of the orbit. Transit observations can be repeated every few days 
(rather than once per year) due to the short orbital periods, quickly building up the signal to 
noise required to detect species in these exoplanets. All in all, populations studies suggest 
that 30% of M-dwarfs should host an exoplanet in the classic HZ [25]. It is therefore not 
surprising that the first temperate rocky planets that will be studied in the future to search for 
life will be around M-dwarf systems. In the remainder of this Chapter we will review the 
type of measurements that HRS will enable on planets in the classical HZ zone. 
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Figure 72: Simulated transmission spectrum of an Earth-like planet orbiting an M-5.5 dwarf 
star, around the oxygen A band (left panel). This is shown on the same scale as the CO 
absorption signal measured from exoplanet r Boötis b via HRS with VLT/CRIRES. Despite 
the two signals have approximately the same order of magnitude, the host M star would be at 
least 6 magnitudes fainter, requiring an ELT-like telescope. Adapted from [89] 


5.1.1 Detecting oxygen in planets around M dwarfs 


Figure 72, adapted from [89], shows the high-resolution transmission spectrum of the 
Oxygen-A band for an Earth orbiting an M5V star, in comparison to the CO signal that was 
detected from the hot Jupiter r Boötis b [16]. Due to the considerations made in Section 5.1 
applied to the concepts of Section 1.5.1 about how transmission signals scale, the average 
line depth of the O; lines is about 1/3 of the CO signal from + Boo b. However, the challenge 
comes when taking into account that even the closest M5 stars are much fainter than t Boo. In 
the J band, which is a good match to the oxygen A-band, even the closest M dwarfs will be at 
least 6 magnitudes fainter, which means that in order to reach the appropriate S/N Extremely 
Large Telescopes are needed and tens of transits co-added. 

Going a bit deeper than a straightforward scaling of the signal, it has been shown that 
instruments with high efficiency and observations optimised to have the maximum radial- 
velocity separation between the telluric oxygen and the exoplanet spectrum are both key to 
a successful detection [48, 76, 82]. Therefore, while feasible in theory, it might take a few 
tens of transit (or equivalently a few years of carefully planned observations) with one of the 
next-gen giant telescopes (ELT, GMT, or TMT) to reach enough S/N to claim a detection. 
Nevertheless, it would be the first detection of a potential biomarker outside of the solar 
system, which is quite an exciting prospect. 


5.1.2 Challenges in M-dwarf observations 


M dwarfs pose significant challenges to the habitability of terrestrial exoplanets related to 
their environments, such as activity, flaring, luminosity changes in the pre-main-sequence 
phase, and the overall spectral energy distribution peaking in the near-infrared [83]. Further- 
more, due to the proximity to the parent star, any planets in the HZ would be likely tidally 
locked, with unknown consequences on their climate. 

Here we will not focus on the physical processes challenging habitability around M 
dwarfs, but rather list some of the main observational challenges. Firstly, the faintness of 
these stars in the optical band make any search for reflected light, which would be favourable 
in terms of planet/star contrast (see Section 1.5.2), hard in practice. In fact simple back of 
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the envelope calculations for Proxima Cen b (which once again is the closest M dwarf to the 
solar system) show that we would need 100 hours of ELT/GMT time to detect such a planet 
even considering that M dwarf spectra are very rich in spectral lines and a gain of 65-80 in 
S/N can be easily obtained from cross correlating with their spectra. 

In addition, the same complexity of their spectra is also a limiting factor, in that M- 
dwarf show molecular lines - such as TiO or H20, which are not accurately known for high- 
resolution models, or can substantially correlate with the signals of exoplanets. 

Thirdly, while stellar variability is not a big limit to HRS analysis if it only affects the 
continuum, it is well known that flares — frequent and sudden increases in luminosity — 
affect particularly some spectral lines (for instance the H-a line), potentially complicating or 
even invalidating the application of the analysis shown in Section 2.3. Some research groups 
are actively tackling the effects of flares at the time of writing, with promising preliminary 
results (J. Birkby, private communication). 

Lastly, M dwarf have generally strong magnetic fields, and this has an influence on the fre- 
quency of their spots and the shape of their spectra. Correcting these late-type spectra through 
coupled 3D MHD simulations of stellar photospheres similar to current hydro-dynamic simu- 
lations shown in Section 3.4 is still beyond our current capabilities, and will arguably require 
significant work in the future. 


5.2 Combining spectral and spatial resolution 


Direct imaging of exoplanets is the closest technique that we can imagine to “taking a picture” 
of an exoplanet system. It consists in separating spatially the photons from the star and those 
from the planet. This task is far from trivial, as due to the enormous distances involved 
a planet-star system is separated by a tiny angle on the sky as seen from the Earth, thus 
requiring big telescopes and adaptive optics systems in order to correct for the distortions 
caused by the Earth’s atmosphere. Furthermore, planets are also orders of magnitude fainter 
than their parent stars, requiring sophisticated techniques to mask out the enormous glare of 
the star and reveal the planet. 

Current technology can detect exoplanets on wide orbits that are up to a million times 
fainter than the star, and at a fraction of an arc-second of angular distance. However, as this 
is still tens of AUs at the distances of the nearest bright stars, none of the evolved exoplanets 
would be detectable, because even the biggest giants would be either too cold or too far to 
show any reasonable signals given the current technology (compare e.g. with the estimates 
we obtained for thermal emission and reflected light in Sections 1.5.3 and 1.5.2). 

The workaround is to target young exoplanet systems. These contain giant planets that 
are still contracting from their formation, and thus they have significant internal energy left 
- which means a much higher temperature than at equilibrium with the stellar radiation, as 
high in fact as that of an evolved hot Jupiter. For some of the young directly imaged systems, 
e.g. B Pictoris or HR 8799, we have become so good at monitoring these planets that we can 
see them moving along the orbit throughout the years. 

As promising as direct imaging is, our current sensitivity and technology implies that the 
scales and signals of planets in our solar system would be completely out of range. While 
technology is being developed that would lead to the required contrasts of 10 to 100 billion 
between the star and the planet, in recent years a hybrid methodology has been proposed 
combining spatial and spectral resolution [50, 54, 87, 90, 97]. In the context of this Section 
this technique will be abbreviated as HRS+HCI, from High-Resolution Spectroscopy and 
High-Contrast Imaging. 

To understand the principles of this novel observing strategy, it is best to consider again 
the signal-to-noise formula (Equation 47). In Section 2.2 this has been manipulated to show 
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that cross correlation can amplify the signal by a factor of -/miines (Equation 49). It has been 
also pointed out that for bright targets, being star and planet spatially unresolved, the photons 
from the star N, dominate the noise budget, i.e. the denominator. It follows that if we can 
suppress the photons from the star at the position of the planet by a factor of K via HCI, i.e. 
by applying direct imaging techniques, this would reduce the corresponding noise budget by 
a factor VK, thus increasing the overall S/N by the same factor. The S/N formula for an 
HRS+HCI observation would therefore be 


S nNp 
Fr = Vines > 58 
(5 hecna "a VN,/K ee) 


at least until the photons recorded from the star dominate over the background and the elec- 
tronics. 

[90] put in practice the above concepts, and to do so they used again the CRIRES spectro- 
graph at the Very Large Telescope. Although this is not a dedicated direct-imaging machine, 
it has an adaptive optics system attached that somewhat brings the spatial resolution of the 
telescope closer to its nominal value for an 8.2-metres telescopes. The planet targeted was B 
Pictoris b, at the time of the observations 0.7” away from it host star. The star and the planet 
were aligned along the spatial direction of the instrumental slit and a contrast of K = 7 — 20 
was achieved at this angular distance. The data was then cross correlated with models for 
the planet atmosphere, which would be a poor match to the stellar photosphere due to the 
early spectral type of 6 Pic (an A-type star). The resulting two-dimensional cross correla- 
tion (one spatial direction along the slit, and one radial-velocity direction perpendicular to 
it) peaked at the expected position of the exoplanet and significantly above the noise level, 
which allowed the authors to derive information about the planet’s atmosphere, including 
its rotational rate. Similar success [81] with the same instrument was obtained for another 
directly-imaged planet (GQ Lupi b), until CRIRES was finally decommissioned in Summer 
2014. 

A more suited instrument for HRS+HCI would be an Integral Field Unit (IFU), that is an 
instrument that can take a picture of a small region of the sky, and also a spectrum for each 
pixel of the image. At the moment the only IFUs available are limited to a spectral resolv- 
ing power of at most 5,000. This is somewhat sufficient to resolve the strongest molecular 
features of some absorption bands, and thus it was used with cross correlation techniques to 
achieve detections for £ Pictoris b again [36] and HR 8799 b [44]. 

The good news is that one of the earlier instruments mounted at the Extremely Large 
Telescope (METIS) will have IFU capabilities at a resolving power of 100,000, thus unlock- 
ing the full potential of the method in combination with the large aperture of the telescope. 
Integration of HRS+HCTI at the next-generation of ground-based facilities is the subject of 
many active lines of research, and most of the information is still circulating at the level of 
preliminary study, which makes it unsuitable to be reported in this Chapter. However, a rea- 
sonable expectation is that an ELT with performing IFUs in the near-infrared should yield 
a detection of thermal emission from an Earth orbiting œ Centauri B in a few tens of hours 
of observations [87], and the same observing time would yield in the optical a detection of 
reflected light from the known Proxima Centauri b. 


Bibliography 


[1] E. R. Adams, S. Seager, and L. Elkins-Tanton. Ocean Planet or Thick Atmosphere: On 
the Mass-Radius Relationship for Solid Exoplanets with Massive Atmospheres. ApJ, 
673(2):1160-1164, February 2008. 


146 


Star-Planet Interactions — Evry Schatzman School 2019 


[2] R. Allart, V. Bourrier, C. Lovis, D. Ehrenreich, J. J. Spake, A. Wyttenbach, L. Pino, 


“4 


= 


um E t 


F. Pepe, D. K. Sing, and A. Lecavelier des Etangs. Spectrally resolved helium ab- 
sorption from the extended atmosphere of a warm Neptune-mass exoplanet. Science, 
362(6421):1384-1387, December 2018. 

F. J. Alonso-Floriano, A. Sanchez-Lépez, I. A. G. Snellen, M. Lopez-Puertas, E. Nagel, 
P. J. Amado, F. F. Bauer, J. A. Caballero, S. Czesla, L. Nortmann, E. Pallé, M. Salz, 
A. Reiners, I. Ribas, A. Quirrenbach, J. Aceituno, G. Anglada-Escudé, V. J. S. Bé- 
jar, E. W. Guenther, T. Henning, A. Kaminski, M. Kiirster, M. Lampón, L. M. Lara, 
D. Montes, J. C. Morales, L. Tal-Or, J. H. M. M. Schmitt, M. R. Zapatero Osorio, 
and M. Zechmeister. Multiple water band detections in the CARMENES near-infrared 
transmission spectrum of HD 189733 b. AGA., 621:A74, January 2019. 

Guillem Anglada-Escudé, Pedro J. Amado, John Barnes, Zaira M. Berdifias, R. Paul 
Butler, Gavin A. L. Coleman, Ignacio de La Cueva, Stefan Dreizler, Michael Endl, Ben- 
jamin Giesers, Sandra V. Jeffers, James S. Jenkins, Hugh R. A. Jones, Marcin Kiraga, 
Martin Kiirster, Maria J. Lé6pez-Gonzalez, Christopher J. Marvin, Nicolas Morales, 
Julien Morin, Richard P. Nelson, José L. Ortiz, Aviv Ofir, Sijme-Jan Paardekooper, 
Ansgar Reiners, Eloy Rodriguez, Cristina Rodriguez-Lépez, Luis F. Sarmiento, John P. 
Strachan, Yiannis Tsapras, Mikko Tuomi, and Mathias Zechmeister. A terrestrial planet 
candidate in a temperate orbit around Proxima Centauri. Nature, 536(7617):437-440, 
August 2016. 

J. K. Barstow, S. Aigrain, P. G. J. Irwin, and D. K. Sing. A Consistent Retrieval Analysis 
of 10 Hot Jupiters Observed in Transmission. ApJ, 834(1):50, January 2017. 

Björn Benneke, Heather A. Knutson, Joshua Lothringer, Ian J. M. Crossfield, Julianne I. 
Moses, Caroline Morley, Laura Kreidberg, Benjamin J. Fulton, Diana Dragomir, An- 
drew W. Howard, Ian Wong, Jean-Michel Désert, Peter R. McCullough, Eliza M. R. 
Kempton, Jonathan Fortney, Ronald Gilliland , Drake Deming, and Joshua Kammer. A 
sub-Neptune exoplanet with a low-metallicity methane-depleted atmosphere and Mie- 
scattering clouds. Nature Astronomy, 3:813-821, July 2019. 

J. L. Birkby, R. J. de Kok, M. Brogi, E. J. W. de Mooij, H. Schwarz, S. Albrecht, and 
I. A. G. Snellen. Detection of water absorption in the day side atmosphere of HD 189733 
b using ground-based high-resolution spectroscopy at 3.2um. MNRAS, 436:L35-L39, 
November 2013. 

J. L. Birkby, R. J. de Kok, M. Brogi, H. Schwarz, and I. A. G. Snellen. Discovery 
of Water at High Spectral Resolution in the Atmosphere of 51 Peg b. AJ, 153(3):138, 
March 2017. 

William J. Borucki, David Koch, Gibor Basri, Natalie Batalha, Timothy Brown, Dou- 
glas Caldwell, John Caldwell, Jørgen Christensen-Dalsgaard, William D. Cochran, 
Edna DeVore, Edward W. Dunham, Andrea K. Dupree, Thomas N. Gautier, John C. 
Geary, Ronald Gilliland, Alan Gould, Steve B. Howell, Jon M. Jenkins, Yoji Kondo, 
David W. Latham, Geoffrey W. Marcy, Søren Meibom, Hans Kjeldsen, Jack J. Lissauer, 
David G. Monet, David Morrison, Dimitar Sasselov, Jill Tarter, Alan Boss, Don Brown- 
lee, Toby Owen, Derek Buzasi, David Charbonneau, Laurance Doyle, Jonathan Fortney, 
Eric B. Ford, Matthew J. Holman, Sara Seager, Jason H. Steffen, William F. Welsh, 
Jason Rowe, Howard Anderson, Lars Buchhave, David Ciardi, Lucianne Walkow- 
icz, William Sherry, Elliott Horch, Howard Isaacson, Mark E. Everett, Debra Fischer, 
Guillermo Torres, John Asher Johnson, Michael Endl, Phillip MacQueen, Stephen T. 
Bryson, Jessie Dotson, Michael Haas, Jeffrey Kolodziejczak, Jeffrey Van Cleve, Hema 
Chandrasekaran, Joseph D. Twicken, Elisa V. Quintana, Bruce D. Clarke, Christopher 
Allen, Jie Li, Haley Wu, Peter Tenenbaum, Ekaterina Verner, Frederick Bruhweiler, Ja- 


IV - High resolution spectroscopy for exoplanet characterisation 


= wo 


er 


en 


= 


son Barnes, and Andrej Prsa. Kepler Planet-Detection Mission: Introduction and First 
Results. Science, 327(5968):977, February 2010. 

M. Brogi, R. J. de Kok, S. Albrecht, I. A. G. Snellen, J. L. Birkby, and H. Schwarz. 
Rotation and Winds of Exoplanet HD 189733 b Measured with High-dispersion Trans- 
mission Spectroscopy. ApJ, 817(2):106, February 2016. 

M. Brogi, R. J. de Kok, J. L. Birkby, H. Schwarz, and I. A. G. Snellen. Carbon monoxide 
and water vapor in the atmosphere of the non-transiting exoplanet HD 179949 b. AGA., 
565:A124, May 2014. 

M. Brogi, P. Giacobbe, G. Guilluy, R. J. de Kok, A. Sozzetti, L. Mancini, and A. S. 
Bonomo. Exoplanet atmospheres with GIANO. I. Water in the transmission spectrum 
of HD 189 733 b. AGA., 615:A16, July 2018. 

M. Brogi, M. Line, J. Bean, J. M. Désert, and H. Schwarz. A Framework to Combine 
Low- and High-resolution Spectroscopy for the Atmospheres of Transiting Exoplanets. 
ApJ Lett., 839(1):L2, April 2017. 

M. Brogi, I. A. G. Snellen, R. J. de Kok, S. Albrecht, J. L. Birkby, and E. J. W. de 
Mooij. Detection of Molecular Absorption in the Dayside of Exoplanet 51 Pegasi b? 
ApJ, 767(1):27, April 2013. 

Matteo Brogi and Michael R. Line. Retrieving Temperatures and Abundances of 
Exoplanet Atmospheres with High-resolution Cross-correlation Spectroscopy. AJ, 
157(3):114, March 2019. 

Matteo Brogi, Ignas A. G. Snellen, Remco J. de Kok, Simon Albrecht, Jayne Birkby, 
and Ernst J. W. de Mooij. The signature of orbital motion from the dayside of the planet 
t Boötis b. Nature, 486(7404):502-504, June 2012. 

Samuel H. C. Cabot, Nikku Madhusudhan, George A. Hawker, and Siddharth Gandhi. 
On the robustness of analysis techniques for molecular detections using high-resolution 
exoplanet spectroscopy. MNRAS, 482(4):4422-4436, February 2019. 

N. Casasayas-Barris, E. Palle, G. Nowak, F. Yan, L. Nortmann, and F. Murgas. Detec- 
tion of sodium in the atmosphere of WASP-69b. A&A., 608:A135, December 2017. 
David Charbonneau, Timothy M. Brown, Robert W. Noyes, and Ronald L. Gilliland. 
Detection of an Extrasolar Planet Atmosphere. ApJ, 568(1):377-384, March 2002. 
David Charbonneau, Robert W. Noyes, Sylvain G. Korzennik, Peter Nisenson, Saurabh 
Jha, Steven S. Vogt, and Robert I. Kibrick. An Upper Limit on the Reflected Light from 
the Planet Orbiting the Star r Bootis. ApJ Lett., 522(2):L145-L148, September 1999. 
A. Chiavassa and M. Brogi. Planet and star synergy at high-spectral resolution. A ratio- 
nale for the characterization of exoplanet atmospheres. I. The infrared. A&A., 631:A100, 
November 2019. 

Andrew Collier Cameron, Keith Horne, Alan Penny, and David James. Proba- 
ble detection of starlight reflected from the giant planet orbiting r Boötis. Nature, 
402(6763):75 1-755, December 1999. 

Nicolas B. Cowan and Eric Agol. The Statistics of Albedo and Heat Recirculation on 
Hot Exoplanets. ApJ, 729(1):54, March 2011. 

R. J. de Kok, M. Brogi, I. A. G. Snellen, J. Birkby, S. Albrecht, and E. J. W. de Mooij. 
Detection of carbon monoxide in the high-resolution day-side spectrum of the exoplanet 
HD 189733b. AGA., 554:A82, June 2013. 

Courtney D. Dressing and David Charbonneau. The Occurrence of Potentially Habit- 
able Planets Orbiting M Dwarfs Estimated from the Full Kepler Dataset and an Empir- 
ical Measurement of the Detection Sensitivity. ApJ, 807(1):45, July 2015. 


147 


148 


[26] 


[27 


= 


= 
(09) 
LoS) 
“4 


Star-Planet Interactions — Evry Schatzman School 2019 


Lisa J. Esteves, Ernst J. W. De Mooij, and Ray Jayawardhana. Changing Phases of Alien 
Worlds: Probing Atmospheres of Kepler Planets with High-precision Photometry. ApJ, 
804(2):150, May 2015. 

Thomas M. Evans, Frédéric Pont, David K. Sing, Suzanne Aigrain, Joanna K. Barstow, 
Jean-Michel Désert, Neale Gibson, Kevin Heng, Heather A. Knutson, and Alain 
Lecavelier des Etangs. The Deep Blue Color of HD 189733b: Albedo Measurements 
with Hubble Space Telescope/Space Telescope Imaging Spectrograph at Visible Wave- 
lengths. ApJ Lett., 772(2):L16, August 2013. 

Erin Flowers, Matteo Brogi, Emily Rauscher, Eliza M. R. Kempton, and Andrea Chi- 
avassa. The High-resolution Transmission Spectrum of HD 189733b Interpreted with 
Atmospheric Doppler Shifts from Three-dimensional General Circulation Models. AJ, 
157(5):209, May 2019. 

J. J. Fortney, K. Lodders, M. S. Marley, and R. S. Freedman. A Unified Theory for the 
Atmospheres of the Hot and Very Hot Jupiters: Two Classes of Irradiated Atmospheres. 
ApJ, 678(2):1419-1435, May 2008. 

Benjamin J. Fulton, Erik A. Petigura, Andrew W. Howard, Howard Isaacson, Geof- 
frey W. Marcy, Phillip A. Cargile, Leslie Hebb, Lauren M. Weiss, John Asher Johnson, 
Timothy D. Morton, Evan Sinukoff, Ian J. M. Crossfield, and Lea A. Hirsch. The 
California-Kepler Survey. III. A Gap in the Radius Distribution of Small Planets. AJ, 
154(3):109, September 2017. 

Siddharth Gandhi, Nikku Madhusudhan, George Hawker, and Anjali Piette. HyDRA- 
H: Simultaneous Hybrid Retrieval of Exoplanetary Emission Spectra. AJ, 158(6):228, 
December 2019. 

Neale P. Gibson, Stephanie Merritt, Stevanus K. Nugroho, Patricio E. Cubillos, Ernst 
J. W. de Mooij, Thomas Mikal-Evans, Luca Fossati, Joshua Lothringer, Nikolay 
Nikolov, David K. Sing, Jessica J. Spake, Chris A. Watson, and Jamie Wilson. Detec- 
tion of Fe I in the atmosphere of the ultra-hot Jupiter WASP-121b, and a new likelihood- 
based approach for Doppler-resolved spectroscopy. MNRAS, 493(2):2215-2228, April 
2020. 

Michaël Gillon, Amaury H. M. J. Triaud, Brice-Olivier Demory, Emmanuël Jehin, Eric 
Agol, Katherine M. Deck, Susan M. Lederer, Julien de Wit, Artem Burdanov, James G. 
Ingalls, Emeline Bolmont, Jeremy Leconte, Sean N. Raymond, Franck Selsis, Mar- 
tin Turbet, Khalid Barkaoui, Adam Burgasser, Matthew R. Burleigh, Sean J. Carey, 
Aleksander Chaushev, Chris M. Copperwheat, Laetitia Delrez, Catarina S. Fernand es, 
Daniel L. Holdsworth, Enrico J. Kotze, Valérie Van Grootel, Yaseen Almleaky, Zouhair 
Benkhaldoun, Pierre Magain, and Didier Queloz. Seven temperate terrestrial plan- 
ets around the nearby ultracool dwarf star TRAPPIST-1. Nature, 542(7642):456-460, 
February 2017. 

G. Guilluy, A. Sozzetti, M. Brogi, A. S. Bonomo, P. Giacobbe, R. Claudi, and S. Be- 
natti. Exoplanet atmospheres with GIANO. II. Detection of molecular absorption in the 
dayside spectrum of HD 102195b. A&A., 625:A107, May 2019. 

George A. Hawker, Nikku Madhusudhan, Samuel H. C. Cabot, and Siddharth Gandhi. 
Evidence for Multiple Molecular Species in the Hot Jupiter HD 209458b. ApJ Lett., 
863(1):L11, August 2018. 

H. J. Hoeijmakers, H. Schwarz, I. A. G. Snellen, R. J. de Kok, M. Bonnefoy, G. Chau- 
vin, A. M. Lagrange, and J. H. Girard. Medium-resolution integral-field spectroscopy 
for high-contrast exoplanet imaging. Molecule maps of the £ Pictoris system with SIN- 
FONI. AGA., 617:A144, October 2018. 


IV - High resolution spectroscopy for exoplanet characterisation 


[37] H. Jens Hoeijmakers, David Ehrenreich, Kevin Heng, Daniel Kitzmann, Simon L. 


Grimm, Romain Allart, Russell Deitrick, Aurélien Wyttenbach, Maria Oreshenko, 
Lorenzo Pino, Paul B. Rimmer, Emilio Molinari, and Luca Di Fabrizio. Atomic iron 
and titanium in the atmosphere of the exoplanet KELT-9b. Nature, 560(7719):453-455, 
August 2018. 

Adam G. Jensen, Seth Redfield, Michael Endl, William D. Cochran, Lars Koesterke, 
and Travis Barman. A Detection of Ha in an Exoplanetary Exosphere. ApJ, 751(2):86, 
June 2012. 

Engin Keles, Matthias Mallonn, Carolina von Essen, Thorsten A. Carroll, Xanthippi 
Alexoudi, Lorenzo Pino, Ilya Ilyin, Katja Poppenhäger, Daniel Kitzmann, Valerio 
Nascimbeni, Jake D. Turner, and Klaus G. Strassmeier. The potassium absorption on 
HD189733b and HD209458b. MNRAS, 489(1):L37-L41, October 2019. 

Eliza M. R. Kempton, Rosalba Perna, and Kevin Heng. High Resolution Transmis- 
sion Spectroscopy as a Diagnostic for Jovian Exoplanet Atmospheres: Constraints from 
Theoretical Models. ApJ, 795(1):24, November 2014. 

Heather A. Knutson, Björn Benneke, Drake Deming, and Derek Homeier. A featureless 
transmission spectrum for the Neptune-mass exoplanet GJ436b. Nature, 505(7481):66- 
68, January 2014. 

Heather A. Knutson, David Charbonneau, Lori E. Allen, Jonathan J. Fortney, Eric Agol, 
Nicolas B. Cowan, Adam P. Showman, Curtis S. Cooper, and S. Thomas Megeath. 
A map of the day-night contrast of the extrasolar planet HD 189733b. Nature, 
447(7141):183-186, May 2007. 

Heather A. Knutson, Andrew W. Howard, and Howard Isaacson. A Correlation Between 
Stellar Activity and Hot Jupiter Emission Spectra. ApJ, 720(2):1569-1576, September 
2010. 

Quinn M. Konopacky, Travis S. Barman, Bruce A. Macintosh, and Christian Marois. 
Detection of Carbon Monoxide and Water Absorption Lines in an Exoplanet Atmo- 
sphere. Science, 339(6126):1398-1401, March 2013. 

Ravi Kumar Kopparapu, Ramses Ramirez, James F. Kasting, Vincent Eymet, Tyler D. 
Robinson, Suvrath Mahadevan, Ryan C. Terrien, Shawn Domagal-Goldman, Victoria 
Meadows, and Rohit Deshpande. Habitable Zones around Main-sequence Stars: New 
Estimates. ApJ, 765(2):131, March 2013. 

Laura Kreidberg, Jacob L. Bean, Jean-Michel Désert, Björn Benneke, Drake Dem- 
ing, Kevin B. Stevenson, Sara Seager, Zachory Berta-Thompson, Andreas Seifahrt, and 
Derek Homeier. Clouds in the atmosphere of the super-Earth exoplanet GJ1214b. Na- 
ture, 505(7481):69-72, January 2014. 

Alexandra C. Lockwood, John A. Johnson, Chad F. Bender, John S. Carr, Travis Bar- 
man, Alexander J. W. Richert, and Geoffrey A. Blake. Near-IR Direct Detection of 
Water Vapor in Tau Boötis b. ApJ Lett., 783(2):L29, March 2014. 

Mercedes Lépez-Morales, Sagi Ben-Ami, Gonzalo Gonzalez-Abad, Juliana García- 
Mejia, Jeremy Dietrich, and Andrew Szentgyorgyi. Optimizing Ground-based Obser- 
vations of O, in Earth Analogs. AJ, 158(1):24, July 2019. 

Tom Louden and Peter J. Wheatley. Spatially Resolved Eastward Winds and Rotation 
of HD 189733b. ApJ Lett., 814(2):L24, December 2015. 

C. Lovis, I. Snellen, D. Mouillet, F. Pepe, F. Wildi, N. Astudillo-Defru, J. L. 
Beuzit, X. Bonfils, A. Cheetham, U. Conod, X. Delfosse, D. Ehrenreich, P. Figueira, 
T. Forveille, J. H. C. Martins, S. P. Quanz, N. C. Santos, H. M. Schmid, D. Ségransan, 
and S. Udry. Atmospheric characterization of Proxima b by coupling the SPHERE 


149 


150 


= 


Star-Planet Interactions — Evry Schatzman School 2019 


high-contrast imager to the ESPRESSO spectrograph. AGA., 599:A16, March 2017. 
Nikku Madhusudhan. C/O Ratio as a Dimension for Characterizing Exoplanetary At- 
mospheres. ApJ, 758(1):36, October 2012. 

Nikku Madhusudhan, Olivier Mousis, Torrence V. Johnson, and Jonathan I. Lunine. 
Carbon-rich Giant Planets: Atmospheric Chemistry, Thermal Inversions, Spectra, and 
Formation Conditions. ApJ, 743(2):191, December 2011. 

Z. Magic, R. Collet, M. Asplund, R. Trampedach, W. Hayek, A. Chiavassa, R. F. Stein, 
and Å. Nordlund. The Stagger-grid: A grid of 3D stellar atmosphere models. I. Methods 
and general properties. A&A., 557:A26, September 2013. 

D. Mawet, G. Ruane, W. Xuan, D. Echeverri, N. Klimovich, M. Randolph, J. Fucik, 
J. K. Wallace, J. Wang, G. Vasisht, R. Dekany, B. Mennesson, E. Choquet, J. R. De- 
lorme, and E. Serabyn. Observing Exoplanets with High-dispersion Coronagraphy. II. 
Demonstration of an Active Single-mode Fiber Injection Unit. ApJ, 838(2):92, April 
2017. 

Michel Mayor and Didier Queloz. A Jupiter-mass companion to a solar-type star. Na- 
ture, 318(6555):355-359, November 1995. 

D. B. McLaughlin. Some results of a spectrographic study of the Algol system. ApJ, 
60:22-31, July 1924. 

Eliza Miller-Ricci, Sara Seager, and Dimitar Sasselov. The Atmospheric Signatures of 
Super-Earths: How to Distinguish Between Hydrogen-Rich and Hydrogen-Poor Atmo- 
spheres. ApJ, 690(2):1056-1067, January 2009. 

Eliza Miller-Ricci Kempton and Emily Rauscher. Constraining High-speed Winds 
in Exoplanet Atmospheres through Observations of Anomalous Doppler Shifts during 
Transit. ApJ, 751(2):117, June 2012. 

Julianne I. Moses, C. Visscher, J. J. Fortney, A. P. Showman, N. K. Lewis, C. A. Griffith, 
S. J. Klippenstein, M. Shabram, A. J. Friedson, M. S. Marley, and R. S. Freedman. 
Disequilibrium Carbon, Oxygen, and Nitrogen Chemistry in the Atmospheres of HD 
189733b and HD 209458b. ApJ, 737(1):15, August 2011. 

Lisa Nortmann, Enric Pallé, Michael Salz, Jorge Sanz-Forcada, Evangelos Nagel, 
F. Javier Alonso-Floriano, Stefan Czesla, Fei Yan, Guo Chen, Ignas A. G. Snellen, 
Mathias Zechmeister, Jürgen H. M. M. Schmitt, Manuel López-Puertas, Núria 
Casasayas-Barris, Florian F. Bauer, Pedro J. Amado, José A. Caballero, Stefan Drei- 
zler, Thomas Henning, Manuel Lampón, David Montes, Karan Molaverdikhani, An- 
dreas Quirrenbach, Ansgar Reiners, Ignasi Ribas, Alejand ro Sánchez-López, P. Chris- 
tian Schneider, and María R. Zapatero Osorio. Ground-based detection of an extended 
helium atmosphere in the Saturn-mass exoplanet WASP-69b. Science, 362(6421):1388- 
1391, December 2018. 

Stevanus K. Nugroho, Hajime Kawahara, Kento Masuda, Teruyuki Hirano, Takayuki 
Kotani, and Akito Tajitsu. High-resolution Spectroscopic Detection of TiO and a Strato- 
sphere in the Day-side of WASP-33b. AJ, 154(6):221, December 2017. 

Vivien Parmentier, Adam P. Showman, and Yuan Lian. 3D mixing in hot Jupiters at- 
mospheres. I. Application to the day/night cold trap in HD 209458b. A&A., 558:A91, 
October 2013. 

Erik A. Petigura, Andrew W. Howard, and Geoffrey W. Marcy. Prevalence of Earth- 
size planets orbiting Sun-like stars. Proceedings of the National Academy of Science, 
110(48):19273-19278, November 2013. 

Arazi Pinhas, Nikku Madhusudhan, Siddharth Gandhi, and Ryan MacDonald. HO 
abundances and cloud properties in ten hot giant exoplanets. MNRAS, 482(2):1485- 


IV - High resolution spectroscopy for exoplanet characterisation 


"a 
pi 


a 
2 


[67 


= 


= 
an 
oo 
en 


1498, January 2019. 

Lorenzo Pino, Jean-Michel Désert, Matteo Brogi, Luca Malavolta, Aurélien Wytten- 
bach, Michael Line, Jens Hoeijmakers, Luca Fossati, Aldo Stefano Bonomo, Valerio 
Nascimbeni, Vatsal Panwar, Laura Affer, Serena Benatti, Katia Biazzo, Andrea Big- 
namini, Franscesco Borsa, Ilaria Carleo, Riccardo Claudi, Rosario Cosentino, Elvira 
Covino, Mario Damasso, Silvano Desidera, Paolo Giacobbe, Avet Harutyunyan, An- 
tonino Francesco Lanza, Giuseppe Leto, Antonio Maggio, Jesus Maldonado, Luigi 
Mancini, Giuseppina Micela, Emilio Molinari, Isabella Pagano, Giampaolo Piotto, En- 
nio Poretti, Monica Rainer, Gaetano Scandariato, Alessandro Sozzetti, Romain Allart, 
Luca Borsato, Giovanni Bruno, Luca Di Fabrizio, David Ehrenreich, Aldo Fiorenzano, 
Giuseppe Frustagli, Baptiste Lavie, Christophe Lovis, Antonio Magazzù, Domenico 
Nardiello, Marco Pedani, and Riccardo Smareglia. Neutral Iron Emission Lines from 
the Dayside of KELT-9b: The GAPS Program with HARPS-N at TNG XX. ApJ Lett., 
894(2):L27, May 2020. 

Danielle Piskorz, Björn Benneke, Nathan R. Crockett, Alexandra C. Lockwood, Ge- 
offrey A. Blake, Travis S. Barman, Chad F. Bender, Marta L. Bryan, John S. Carr, 
Debra A. Fischer, Andrew W. Howard, Howard Isaacson, and John A. Johnson. Evi- 
dence for the Direct Detection of the Thermal Spectrum of the Non-Transiting Hot Gas 
Giant HD 88133 b. ApJ, 832(2):131, December 2016. 

Danielle Piskorz, Bjôrn Benneke, Nathan R. Crockett, Alexandra C. Lockwood, Geof- 
frey A. Blake, Travis S. Barman, Chad F. Bender, John S. Carr, and John A. Johnson. 
Detection of Water Vapor in the Thermal Spectrum of the Non-transiting Hot Jupiter 
Upsilon Andromedae b. AJ, 154(2):78, August 2017. 

Danielle Piskorz, Cam Buzard, Michael R. Line, Heather A. Knutson, Björn Benneke, 
Nathan R. Crockett, Alexandra C. Lockwood, Geoffrey A. Blake, Travis S. Barman, 
Chad F. Bender, Drake Deming, and John A. Johnson. Ground- and Space-based De- 
tection of the Thermal Emission Spectrum of the Transiting Hot Jupiter KELT-2Ab. AJ, 
156(3):133, September 2018. 

D. Queloz, A. Eggenberger, M. Mayor, C. Perrier, J. L. Beuzit, D. Naef, J. P. Sivan, and 
S. Udry. Detection of a spectroscopic transit by the planet orbiting the star HD209458. 
AGA., 359:L13-L17, July 2000. 

F A. Rasio, C. A. Tout, S. H. Lubow, and M. Livio. Tidal Decay of Close Planetary 
Orbits. ApJ, 470:1187, October 1996. 

Emily Rauscher and Eliza M. R. Kempton. The Atmospheric Circulation and Observ- 
able Properties of Non-synchronously Rotating Hot Jupiters. ApJ, 790(1):79, July 2014. 
Seth Redfield, Michael Endl, William D. Cochran, and Lars Koesterke. Sodium Ab- 
sorption from the Exoplanetary Atmosphere of HD 189733b Detected in the Optical 
Transmission Spectrum. ApJ Lett., 673(1):L87, January 2008. 

George R. Ricker, Joshua N. Winn, Roland Vanderspek, David W. Latham, Gaspar A. 
Bakos, Jacob L. Bean, Zachory K. Berta-Thompson, Timothy M. Brown, Lars Buch- 
have, Nathaniel R. Butler, R. Paul Butler, William J. Chaplin, David Charbonneau, 
Jgrgen Christensen-Dalsgaard, Mark Clampin, Drake Deming, John Doty, Nathan De 
Lee, Courtney Dressing, Edward W. Dunham, Michael Endl, Francois Fressin, Jian Ge, 
Thomas Henning, Matthew J. Holman, Andrew W. Howard, Shigeru Ida, Jon M. Jenk- 
ins, Garrett Jernigan, John Asher Johnson, Lisa Kaltenegger, Nobuyuki Kawai, Hans 
Kjeldsen, Gregory Laughlin, Alan M. Levine, Douglas Lin, Jack J. Lissauer, Phillip 
MacQueen, Geoffrey Marcy, Peter R. McCullough, Timothy D. Morton, Norio Narita, 
Martin Paegert, Enric Palle, Francesco Pepe, Joshua Pepper, Andreas Quirrenbach, 
Stephen A. Rinehart, Dimitar Sasselov, Bun’ei Sato, Sara Seager, Alessandro Sozzetti, 


151 


152 


a 
© 


[86 


[87 


= 


= 


Star-Planet Interactions — Evry Schatzman School 2019 


Keivan G. Stassun, Peter Sullivan, Andrew Szentgyorgyi, Guillermo Torres, Stephane 
Udry, and Joel Villasenor. Transiting Exoplanet Survey Satellite (TESS). Journal of 
Astronomical Telescopes, Instruments, and Systems, 1:014003, January 2015. 

F. Rodler, M. Kürster, and J. R. Barnes. Detection of CO absorption in the atmosphere 
of the hot Jupiter HD 189733b. MNRAS, 432(3):1980-1988, July 2013. 

F. Rodler, M. Lopez-Morales, and I. Ribas. Weighing the Non-transiting Hot Jupiter T 
Boo b. ApJ Lett., 753(1):L25, July 2012. 

Florian Rodler and Mercedes Lépez-Morales. Feasibility Studies for the Detection of 
Oz in an Earth-like Exoplanet. ApJ, 781(1):54, January 2014. 

L. A. Rogers and S. Seager. A Framework for Quantifying the Degeneracies of Exo- 
planet Interior Compositions. ApJ, 712(2):974-991, April 2010. 

R. A. Rossiter. On the detection of an effect of rotation during eclipse in the velocity of 
the brigher component of beta Lyrae, and on the constancy of velocity of this system. 
ApJ, 60:15-21, July 1924. 

A. Sanchez-Lépez, F. J. Alonso-Floriano, M. Lopez-Puertas, I. A. G. Snellen, B. Funke, 
E. Nagel, F. F. Bauer, P. J. Amado, J. A. Caballero, S. Czesla, L. Nortmann, E. Pallé, 
M. Salz, A. Reiners, I. Ribas, A. Quirrenbach, G. Anglada-Escudé, V. J. S. Béjar, 
N. Casasayas-Barris, D. Galadf-Enriquez, E. W. Guenther, Th. Henning, A. Kaminski, 

M. Kiirster, M. Lampon, L. M. Lara, D. Montes, J. C. Morales, M. Stangret, L. Tal-Or, 

J. Sanz-Forcada, J. H. M. M. Schmitt, M. R. Zapatero Osorio, and M. Zechmeister. Wa- 

ter vapor detection in the transmission spectra of HD 209458 b with the CARMENES 

NIR channel. A&A., 630:A53, October 2019. 

Henriette Schwarz, Matteo Brogi, Remco de Kok, Jayne Birkby, and Ignas Snellen. 

Evidence against a strong thermal inversion in HD 209458b from high-dispersion spec- 

troscopy. AGA., 576:A111, April 2015. 

Henriette Schwarz, Christian Ginski, Remco J. de Kok, Ignas A. G. Snellen, Matteo 

Brogi, and Jayne L. Birkby. The slow spin of the young substellar companion GQ Lupi 

b and its orbital configuration. AGA., 593:A74, September 2016. 

Dilovan B. Serindag and Ignas A. G. Snellen. Testing the Detectability of Extraterres- 

trial O2 with the Extremely Large Telescopes Using Real Data with Real Noise. ApJ 
Lett., 871(1):L7, January 2019. 

Aomawa L. Shields, Sarah Ballard, and John Asher Johnson. The habitability of planets 

orbiting M-dwarf stars. Phys. Rep., 663:1, December 2016. 

A. P. Showman and T. Guillot. Atmospheric circulation and tides of “51 Pegasus b-like” 

planets. A&A., 385:166-180, April 2002. 

Adam P. Showman, Jonathan J. Fortney, Nikole K. Lewis, and Megan Shabram. Doppler 

Signatures of the Atmospheric Circulation on Hot Jupiters. ApJ, 762(1):24, January 

2013. 

David K. Sing, Jonathan J. Fortney, Nikolay Nikolov, Hannah R. Wakeford, Tiffany 

Kataria, Thomas M. Evans, Suzanne Aigrain, Gilda E. Ballester, Adam S. Burrows, 

Drake Deming, Jean-Michel Désert, Neale P. Gibson, Gregory W. Henry, Catherine M. 

Huitson, Heather A. Knutson, Alain Lecavelier Des Etangs, Frederic Pont, Adam P. 

Showman, Alfred Vidal-Madjar, Michael H. Williamson, and Paul A. Wilson. A con- 

tinuum from clear to cloudy hot-Jupiter exoplanets without primordial water depletion. 

Nature, 529(7584):59-62, January 2016. 

I. Snellen, R. de Kok, J. L. Birkby, B. Brandl, M. Brogi, C. Keller, M. Kenworthy, 

H. Schwarz, and R. Stuik. Combining high-dispersion spectroscopy with high contrast 

imaging: Probing rocky planets around our nearest neighbors. A&A., 576:A59, April 


IV - High resolution spectroscopy for exoplanet characterisation 


[95 


foe) 


2015. 

I. A. G. Snellen, S. Albrecht, E. J. W. de Mooij, and R. S. Le Poole. Ground-based 
detection of sodium in the transmission spectrum of exoplanet HD 209458b. AGA., 
487(1):357-362, August 2008. 

I. A. G. Snellen, R. J. de Kok, R. le Poole, M. Brogi, and J. Birkby. Finding Ex- 
traterrestrial Life Using Ground-based High-dispersion Spectroscopy. ApJ, 764(2):182, 
February 2013. 

Ignas A. G. Snellen, Bernhard R. Brandl, Remco J. de Kok, Matteo Brogi, Jayne Birkby, 
and Henriette Schwarz. Fast spin of the young extrasolar planet 6 Pictoris b. Nature, 
509(7498):63-65, May 2014. 

Ignas A. G. Snellen, Remco J. de Kok, Ernst J. W. de Mooij, and Simon Albrecht. 
The orbital motion, absolute mass and high-altitude winds of exoplanet HD209458b. 
Nature, 465(7301):1049-1051, June 2010. 

David S. Spiegel, Katie Silverio, and Adam Burrows. Can TiO Explain Thermal Inver- 
sions in the Upper Atmospheres of Irradiated Giant Planets? ApJ, 699(2):1487—1500, 
July 2009. 

Kevin B. Stevenson, Jean-Michel Désert, Michael R. Line, Jacob L. Bean, Jonathan J. 
Fortney, Adam P. Showman, Tiffany Kataria, Laura Kreidberg, Peter R. McCul- 
lough, Gregory W. Henry, David Charbonneau, Adam Burrows, Sara Seager, Nikku 
Madhusudhan, Michael H. Williamson, and Derek Homeier. Thermal structure 
of an exoplanet atmosphere from phase-resolved emission spectroscopy. Science, 
346(6211):838-841, November 2014. 

David Sudarsky, Adam Burrows, and Philip Pinto. Albedo and Reflection Spectra of 
Extrasolar Giant Planets. ApJ, 538(2):885-903, August 2000. 

Peter W. Sullivan, Joshua N. Winn, Zachory K. Berta-Thompson, David Charbonneau, 
Drake Deming, Courtney D. Dressing, David W. Latham, Alan M. Levine, Peter R. 
McCullough, Timothy Morton, George R. Ricker, Roland Vanderspek, and Deborah 
Woods. The Transiting Exoplanet Survey Satellite: Simulations of Planet Detections 
and Astrophysical False Positives. ApJ, 809(1):77, August 2015. 

Jake D. Turner, Ernst J. W. de Mooij, Ray Jayawardhana, Mitchell E. Young, Luca Fos- 
sati, Tommi Koskinen, Joshua D. Lothringer, Raine Karjalainen, and Marie Karjalainen. 
Detection of Ionized Calcium in the Atmosphere of the Ultra-hot Jupiter KELT-9b. ApJ 
Lett., 888(1):L13, January 2020. 

Ji Wang, Dimitri Mawet, Garreth Ruane, Renyu Hu, and Bjorn Benneke. Observing 
Exoplanets with High Dispersion Coronagraphy. I. The Scientific Potential of Current 
and Next-generation Large Ground and Space Telescopes. AJ, 153(4):183, April 2017. 
Rebecca K. Webb, Matteo Brogi, Siddharth Gandhi, Michael R. Line, Jayne L. Birkby, 
Katy L. Chubb, Ignas A. G. Snellen, and Sergey N. Yurchenko. A weak spectral sig- 
nature of water vapour in the atmosphere of HD 179949 b at high spectral resolution in 
the L band. MNRAS, 494(1):108-119, March 2020. 

A. Wyttenbach, D. Ehrenreich, C. Lovis, S. Udry, and F. Pepe. Spectrally resolved 
detection of sodium in the atmosphere of HD 189733b with the HARPS spectrograph. 
AGA., 577:A62, May 2015. 


153 


154 Star-Planet Interactions — Evry Schatzman School 2019 


Stellar Winds and Planetary Atmospheres 


by C. Johnstone 


Artists impression of the effect of stellar radiation and wind on planetary atmosphere. 
Copyright: NASA’s Goddard Space Flight Center. Licensed under the Creative Commons 
Attribution-Share Alike 4.0 International. Source: https://commons.wikimedia.org/wiki/File: 
HD_189733b%27s_atmosphere.jpg 


V - Stellar Winds and Planetary Atmospheres 155 


Stellar Winds and Planetary Atmospheres 


Colin Johnstone!-2* 


‘Natural History Museum, Burgring 7, A-1010 Vienna, Austria 
University of Vienna, Department of Astrophysics, Tiirkenschanzstrasse 17, 1180 Vienna, Austria 


Abstract. Interactions between the winds of stars and the magnetospheres and 
atmospheres of planets involve many processes, including the acceleration of 
particles, heating of upper atmospheres, and a diverse range of atmospheric 
loss processes.Winds remove angular momentum from their host stars causing 
rotational spin-down and a decay in magnetic activity, which protects atmo- 
spheres from erosion.While wind interactions are strongly influenced by the 
X-ray and ultraviolet activity of the star and the chemical composition of the 
atmosphere, the role of planetary magnetic fields is unclear.In this chapter, I 
review our knowledge of the properties and evolution of stellar activity and 
winds and discuss the influences of these processes on the long term evolution 
of planetary atmospheres.I do not consider the large number of important pro- 
cesses taking place at the surfaces of planets that cause exchanges between the 
atmosphere and the planet’s interior. 


1 Introduction 


The discoveries in the last decades of thousands of planets outside our solar system has led to 
questions of planetary habitability becoming a central theme in modern astrophysics. Central 
to these questions is the question of how planetary atmospheres evolve, and what conditions 
are necessary to form an atmosphere that can sustain life (for a review, see [71]). The for- 
mation and subsequent evolution of a planet’s atmosphere are determined by exchanges of 
volatiles between the planet’s interior and atmosphere and by losses of gas from the system to 
space by a large number of processes. These loss processes take place mostly in response to 
magnetic activity related output of the planet’s host star, and especially its emission of X-ray 
and ultraviolet radiation and its wind. In this chapter, I discuss the properties and evolution 
of stellar winds and the various ways in which they influence planetary atmospheres. For a 
more comprehensive review on the topic, see the recent book by [122]. 

Atmospheres form on planets in several ways and different processes lead to atmospheres 
composed of different mixtures of chemical species. Planets that form to sufficient mass (typ- 
ically above 0.1 Mg) in the first few million years when a significant gas disk is still present 
can accumulate hydrogen and helium dominated primordial atmospheres and the amount of 
gas accumulated depends primarily on the mass of the planet at the end of the disk phase 
({181]). [115] showed that since higher mass planets accumulate more atmosphere and lose 
them slower after the disk is gone, planets with masses above approximately an Earth mass 
keeps these atmospheres for their entire lives and a similar result was found for planets or- 
biting M dwarfs by [149]. Observations of low-mass exoplanets with large radii (e.g. [123]; 
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[167]) suggest that many terrestrial planets have such envelopes, and especially higher mass 
planets (e.g. [167]). Evidence from the isotopic abundances of noble gases in the lower man- 
tle suggest that the Earth did in fact possess a primordial atmosphere ([215]; [205]), though 
disagreement exists about how to interpret these results ([158]). The isotopic compositions of 
hafnium and tungsten in the mantle suggest that the Earth likely grew to half its mass in ap- 
proximately 10 Myr and its full mass within approximately 50 Myr ([108]). Approximately 
half of all gas disks are thought to be gone by ~2 Myr ([127]), though there is evidence that 
a significant minority of stars retain their disks for much longer than 10 Myr ([159]). It is 
plausible that the Earth gained a small primordial atmosphere, though since this atmosphere 
is no longer present, it likely did not form to its full mass during the gas disk phase. 

Volatile species are distributed throughout several reservoirs in a planet, including the 
mantle, the crust, the ocean, and the atmosphere. Impacts during a planet’s growth phase lead 
to volatile species being released into the atmosphere from both the impactor and the planet, 
and what is not released from the impactor can be stored within the planet outer layers for 
release at later times ([52]). Energy released from these impacts likely cause the planets to 
be so hot that a liquid magma ocean is present during and immediately after the main growth 
period. As the planet solidifies and forms a mantle and crust, large amounts of volatiles 
can be degassed into the atmosphere ([51];[168]) and if it is not rapidly lost to space, this 
atmosphere can lengthen the magma ocean phase by slowing the radiative cooling of the 
surface ([144]). In later phases, tectonic related activity, such as mantle outgassing from 
volcanoes, is important for forming and replenishing atmospheres (e.g. [146]), which can 
even be directly influenced by stellar magnetic fields ([103]; [104]). Surface processes can 
also transfer gas into the interior and this can be more important for removing atmospheres 
than escape to space. 

The fact that losses to space can play a major role in an atmosphere’s evolution can be 
seen in our own solar system. Venus for example has likely undergone massive loss of water 
due to the dissociation and loss of water molecules in the upper atmosphere ([27]). Since 
hydrogen atoms are lost more efficiently than the heavier deuterium atoms, this massive water 
loss can be seen in Venus’ atmosphere by the very large D/H ratio compared to other solar 
system bodies ([129]). While Mars currently has a very thin atmosphere, there is strong 
evidence that it previously had liquid water on its surface ([107]) meaning that it must have 
had a much thicker atmosphere that has since been lost. This is consistent also with the 
atmosphere’s isotopic composition which contains enhanced abundances of heavier isotopes 
of certain elements relative to their lighter counterparts ([83]). Outside our solar system, 
atmospheric escape has been directly observed from exoplanets ([50]) and this escape likely 
has observable influences on the distributions of exoplanet radii as measured by spacecraft 
such as Kepler. For example, the ‘evaporation valley’ has been predicted to result from such 
losses and has significant observational support ([150], [152]; [61]). 

A star’s magnetic field is one of the most important factors for the structure of its outer 
atmosphere and causes the surface of the star to be inhomogeneous and time variable, which 
can complicate the detection and characterisation of exoplanets ([34]). Field lines anchored 
in the photosphere where the plasma beta (the ratio of the thermal pressure to the magnetic 
pressure) is much greater than unity are moved around by convective motions of the plasma. 
Although it is not yet clear what the dominant processes are, energy from these convective 
motions is transferred by the magnetic field to higher altitudes where it heats the gas to several 
tens of thousands of K in the chromosphere and to MK temperatures in the corona. The 
corona is the large outer atmosphere of the star and has a plasma beta much less than unity, 
meaning that the dynamics of the plasma is controlled by the magnetic field. This results in 
the emission of X-ray and extreme ultraviolet (EUV) radiation from the corona, and EUV and 
far ultravolet (FUV) radiation from the chromosphere. The term ‘XUV’ is commonly used to 
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Figure 73: Upper panels: images of the Sun from the Solar Dynamics Observatory cour- 


tesy of NASA/SDO and the AIA, EVE, and HMI science teams. From left to right, the panels 
show the corona at 2 x 10° K, the chromosphere and transition region at 5 x 10* K, the pho- 
tosphere, and the surface magnetic field structure (with black and white showing opposite 
polarity magnetic field). Middle panel: typical XUV spectra of the modern Sun during ac- 
tivity maximum (blue line) and a more active young Sun (green line) from ([29]), and the 
low-mass M-dwarf Gliese 832 as modelled by [59]. The solar spectra are scaled to 1 AU and 
the Gliese-832 spectrum is scaled to 0.162 AU, which is the orbit of a known habitable zone 
planet. The lower flux of the Gliese 832 spectrum longward of ~150 nm is due to the much 
cooler photosphere of this star, meaning its photospheric spectrum is shifted to longer wave- 
lengths. Note that the resolution of the Gliese-832 spectrum has been reduced to be similar 
to the other two spectra. Lower panel: XUV absorption cross-sections for several important 
species in planetary atmospheres from the PHIDRATES database ([81]). 


refer to a star’s X-ray and ultraviolet spectrum, though definitions of this term vary and often 
includes only X-ray and EUV radiation; in this review, I do not attach an exact definition to 
the term unless specified. Another effect of these high temperatures is the acceleration of the 
plasma away from the star in the form of a transonic (starting subsonic and accelerating to 
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supersonic speeds) wind. The outer layers of the Sun’s atmosphere and the resulting X-ray 
and ultraviolet spectrum of the modern Sun, a younger more active Sun, and a low mass M 
dwarf, are shown in Fig. 73. This high energy radiation is important since most common 
atmospheric species absorb radiation at these wavelengths very efficiently, meaning that the 
radiation is absorbed high in the atmospheres of planets where the gas densities are low. This 
heats and expands the upper atmosphere, making it more susceptible to interactions with the 
star’s wind. 


2 Stellar rotation and activity evolution 


It is important to consider the long term evolution of stellar rotation since we should expect 
that this will drive a corresponding evolution in stellar winds and their interactions with at- 
mospheres. Possibly the most important way that winds influence the atmospheres of planets 
is by removing angular momentum from their host stars, causing a decay in both their ro- 
tation rates and their emission of X-ray and extreme ultraviolet radiation. In the last two 
decades, our observational knowledge of rotational evolution has improved dramatically, es- 
pecially due to rotation distributions in young stellar clusters being determined by ground- 
based photometric monitoring campaigns (e.g.[76]) and more recently by the K2 mission (e.g. 
[161]). This has driven the development of more detailed physical models and a comprehen- 
sive though still incomplete understanding of how the rotation rates of stars evolve from their 
initial birth to the end of the main-sequence. 


2.1 The observational picture 


Stars in young clusters with ages of less than 5 Myr have a range of rotation rates distributed 
between approximately 1 and 50 times the solar rotation rate ([4]). This distribution appears 
to be initially mass independent and during the first few Myr, it remains approximately con- 
stant in time ([162]), though there is evidence that stars with masses below approximately 
0.5 Mo might spin up during this time ([78]). At an age of 12 Myr, the rotation distribution in 
young cluster h Per studied by [139] shows two changes relative to younger clusters. Firstly, 
the distribution has been shifted to more rapid rotation, especially for the rapidly rotators. 
Secondly, the distribution has separated into a rapidly rotating track and a slowly rotating 
track, with few stars in between. This distribution can be seen in Fig. 74 and the evolu- 
tion of this distribution on the main-sequence can be seen by comparison with the Pleiades 
(~130 Myr) and Hyades (~650 Myr) clusters. For Pleiades, rotation rates from [76] and 
[161] give us a detailed description of the rotation at this important age. At this age, most 
stars with masses above approximately 0.5 Mo are part of the slowly rotating track, but a 
tail of rapid rotators is also present, while most lower mass stars remain rapidly rotating. By 
650 Myr, this distribution has shifted to slower rotation and more stars have converged onto 
the slowly rotating track, though this convergence is slower for lower mass stars. This spin- 
down and convergence continues throughout their main-sequence evolution, though recent 
measurements of K dwarfs seem to show a temporary halt in their spin-down between ages 
of approximately 500-1000 Myr ([42]). Although at young ages they remain rapidly rotating 
longer, at later ages lower mass stars are more slowly rotating than higher mass stars ([143]). 
[82] provided evidence that some fully convective M dwarfs do not converge onto the slowly 
rotating track and remain rapidly rotating for timescales longer than 10 Gyr. 

While observations constrain the first Gyr of rotational evolution, how stars spin down 
after this time is less well constrained. Especially due to Kepler measurements, we know the 
rotation rates of a very large number of field stars ([134]; [169]), which are informative but of 
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Figure 74: Rotation ‘period and X-ray luminosity distributions in the young clusters h Per, 
Pleiades, and Hyades. Rotation periods are from [139] for h Per, [76] and [161] for Pleiades, 
and [44] for Hyades. The X-ray luminosities are from Argiroffi et al. (2016) for h Per, and 


Núñez et al. (2016) for both Pleiades and Hyades. 
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Figure 75: Rotation distribution for approximately 40,000 field stars from [134] and [169] 
measured by Kepler (blue points) and for low mass field stars from [142] by the MEarth 
Project (black stars). 


more limited use since the ages of these stars are difficult to determine ([177]). In Fig. 75, I 
show the rotation-mass distribution for field stars measured by the Kepler spacecraft and for 
lower mass stars by [142]. At later ages, higher mass stars tend to be rotating more rapidly, 
which could be surprising given that in the first billion years, lower mass stars remain rapidly 
rotating longer. It is also shown from the MEarth Project sample of lower mass stars that 
even for field stars, most of which likely have ages of a few Gyr or more, there are still a 


large number of very rapid rotators. 


The rotational evolution of solar mass stars was described in by [176] by Prot œ 195, where 


Pot is the rotation period and ż is the age. While this was originally based only on comparing 
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Figure 76: Evolutionary tracks for surface rotation of stars with masses of 0.5 and 1.0 Mo 
with different initial rotation rates. In both panels, the red, green, and blue lines show stars 
at the 5", 50", and 95" percentiles of the observed rotation distribution at 150 Myr and 
the black circles show observed rotation rates from several young clusters. The rotation 
tracks are calculated using the model developed by [95] and extended by Johnstone et al. 
(submitted). 


average equatorial rotation velocities from Hyades and Pleiades with the rotation of the Sun, 
this relation has been shown to be approximately accurate for solar mass stars at later ages, 
though this conclusion is dependent on the assumption that the Sun’s modern rotation is a 
good proxy for the rotation rates of solar mass stars with similar ages. The mass dependence 
of rotation at later ages is more difficult to constrain and it is typical to assume that Pot 
depends both on mass and age and to constrain the mass dependence using the shape of the 
slow rotating track in young clusters (e.g. [12]; [128]). The reliability of this assumption is 
difficult to test given the lack of reliable ages for older stars with masses below that of the 
Sun. Based on this assumption, [128] derived 


Prot = a [(B - V)o —c]’t" (59) 


where a = 0.407, b = 0.325, c = 0.495, n = 0.566, t is in Myr, and P,ot is in days. Here, 
(B — V)o represents stellar mass and solar mass main-sequence stars have values of approxi- 
mately 0.66, whereas 0.5 and 0.1 M, stars have values of approximately 1.5 and 2.0 respec- 
tively ([157]). 


2.2 The epochs of rotational evolution 


A star’s long term rotational evolution depends primarily on its mass and its early rotation 
rate ([63]). The latter is important because stars that are born as rapid rotators remain rapidly 
rotating much longer than those born as slow rotators. Other important factors include the 
star’s metallicity ([7]) and possibly the lifetime of its circumstellar disks during its classical T 
Tauri phase ([791). A star’s rotational evolution from 1 Myr to the end of the main-sequence 
can be broken down into several important epochs: these are the phases of disk-locking, pre- 
main-sequence spin-up, and main-sequence spin-down. The rotational evolution of 0.5 and 
1 Mo Stars is shown in Fig. 76. 

The observed lack of rotational spin up for classical T Tauri stars in the first few million 
years is surprising since they are contracting on the pre-main-sequence and are accreting 
high angular momentum material from their disks. This means that angular momentum must 
be removed from the stars and potentially also from the accreting material during this time, 
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though which mechanisms are responsible are poorly understood. A possibility is that very 
strong winds originating from the surfaces of the stars exert a strong enough spin-down torque 
to keep the stars in rotational equilibrium ([131]) and this strong wind has been suggested 
to be powered by accretion onto the surface from the gas disk ([36]; [38]). This phase is 
commonly referred to as ‘disk-locking’ given the assumption that interactions with the disk 
are responsible (for a review, see [21]) and it is generally assumed that this phase ends around 
the time that these disks disperse, which is typically within the first 10 Myr ([127]), after 
which stars spin up due to pre-main-sequence contraction. This spin-up is reduced by the 
removal of angular momentum by stellar winds and stops approximately at the zero-age main- 
sequence (ZAMS). 

After the ZAMS, the main process is wind driven spin-down. Several factors are impor- 
tant for how rapidly winds remove angular momentum from their host stars and these are 
mostly related to the star’s mass, radius, rotation rate, and the properties of the wind and 
global magnetic field ([97]; [130]). Characterising the dependence of angular momentum 
loss on these parameters is difficult and recent magnetohydrodynamic models have been used 
to explore this question (e.g. [133]). Important is not only the strength of the magnetic field, 
but also its geometry ([64]; [57]) and thermal structure ([31]; [154]). 

As I discuss in the next section, stellar activity has a saturated (activity independent of 
rotation) regime and an unsaturated (activity dependent of rotation) regime. Observationally, 
it appears that main-sequence stars in the saturated regime show exponential spin-down which 
implies that Q œ Q, where È = dQ/dt, whereas the Skumanich spin-down of unsaturated 
stars implies È œ Q3. This difference can be easily understood if mass loss rates and magnetic 
field strengths are independent of rotation in the saturated regime and depend strongly on 
rotation in the unsaturated regime. In both regimes, the positive dependence of Q on Q means 
that the wide distribution of rotation rates seen at the start of the main-sequence converges 
until all stars with the same mass follow a single spin-down track. Activity saturation also 
explains why rapidly rotating lower mass stars spin down slower than rapidly rotating higher 
mass stars, despite the fact that at later ages, lower mass stars spin down more rapidly. Since 
lower mass stars saturate at lower rotation rates, in the saturated regime they feel a reduced 
spin-down wind torque. In the unsaturated regime, wind torques are approximately mass 
independent ([63]; [90]), meaning that lower mass stars spin down more rapidly due to their 
smaller moments of inertia. 


2.3 Activity and rotation 


Empirically, it is known that the activity of a star depends primarily on its mass, age, and ro- 
tation rate. This dependence on rotation can be seen in direct measurements of photospheric 
magnetic fields ([196]), in chromospheric activity indications such as Ca H H&K and Ha 
lines ([19]), and in coronal X-ray emission ([160]). For most activity indicators, the rota- 
tion relation has two regimes. At slow rotation a strong rotation—activity relation is seen with 
more rapidly rotating stars being more active and this regime is called the unsaturated regime. 
At fast rotation, the rotation—activity relation is very flat with almost no difference between 
stars with different rotation rates and this regime is called the saturated regime. On the pre- 
main-sequence, the rotation rate of the saturation threshold is initially very low and increases 
rapidly. This means that at very young ages (younger than maybe 10 to 20 Myr), rotation 
is not a relevant factor for determining a star’s activity. For example, the X-ray luminosities 
of stars in very young clusters depend on mass and age ([70]; [69]). On the main-sequence, 
the saturation threshold is at approximately 15Q for solar mass stars and is at lower rota- 
tion rates for lower mass stars. This means that low mass stars must reach slower rotation 
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Figure 77: The correlation between stellar X-ray emission and rotation characterised as a 
Ro-Rx relation. Here, green circles show main-sequence stars from [212], blue circles show 
stars in the young 12 Myr old cluster h Per from [10], and red circles show fully convective 
main-sequence M dwarfs from [86] and [213]. I do not include upper limits from these 
studies and for main-sequence M dwarfs these upper limits could indicate that the slope in 
the unsaturated regime is steeper than for higher mass stars. The black line on the lower right 
shows the range of values for the modern Sun (specifically the 10" to the 90" percentiles) 
calculated from the Flare Irradiance Spectrum Model ([24]). All values of Ro have been 
calculated using the convective turnover times from [179]. 


rates before spin-down related activity decay starts, which contributed to lower mass stars 
remaining highly active longer. 

The dependence of X-ray emission on stellar rotation, mass, and age are well represented 
as a dependence between the X-ray luminosity normalised to the bolometric luminosity, 
Rx = Lx/Lpo1, and the Rossby number, Ro, which is a dimensionless parameter defined as 
Ro = Pryot/Te, Where Prot is the rotation period and Te is the convective turnover time. Note 
that several studies have discussed the possibility that using rotation period instead of Rossby 
number is better for describing the activity-rotation relation ([163]; [126]). The Ro—Rx rela- 
tion is shown in Fig. 77 and can be described as a broken power-law given by 


Ro®', if Ro > Rosa, 
x={ ie iris (60) 


coRo®, if Ro < Rosat, 


where Rosat is the saturation Rossby number and c1, c2, 81, and B; are constants that can 
be determined empirically. If we assume that Rx is constant in the saturated regime, as is 
common in the literature, then 8; = 0 and cı = Rx sa. Making this assumption, [212] found 
Bo = —2.18, Rosa = 0.13, and Rx sat = 107313, though depending on the method used for fit- 
ting in the unsaturated regime, values for 62 between ~2 and 3 are often found ([163]). A 
weak dependence between Ro and Rx can be seen in the saturated regime too and there is 
evidence from extremely rapidly rotators for ‘supersaturation’, which is a decrease in X-ray 
emission with increasing rotation at the high rotation part of the saturated regime ([84]; [10]). 

It is not yet fully clear how well pre-main-sequence and fully convective main-sequence 
stars follow the same Ro-Rx relation as higher mass main-sequence stars. In Fig. 77, I 
show the Ro—R x relation for both pre-main-sequence and main-sequence stars, including 


V - Stellar Winds and Planetary Atmospheres 163 


~ 10? h 10% a 
g à %, | 
= ü 
g > À 
g 8 10% A 
5 Initial spread in 2 10 À 
B 10? rotation rates £ SLo P 
3 2 "ROTATOR 
5 = 102° 
v © Different evolutionary | 
un D tracks for different initial 

5 a rotation rates 

10 1028 
10° 10? 10? 10° 10° 101 10? 10° 
Age (Myr) Age (Myr) 


Figure 78: Evolutionary tracks for rotation (left) and XUV emission (right) from [189] for 
solar mass stars with different initial rotation rates. Here, XUV is calculated considering just 
X-ray and EUV wavelengths. 


for main-sequence stars also fully convective M dwarfs in the unsaturated regime. For pre- 
main-sequence stars, the question is difficult to answer because in most very young stellar 
clusters, most stars are saturated regardless of their rotation rate due to the very large convec- 
tive turnover times. [10] studied the X-ray-rotation relation in the 12 Myr old cluster h Per 
which is useful because the age of this cluster means that many of the slowest rotators could 
be unsaturated. Their results suggest a much shallower relation between Ro and Rx (mean- 
ing a smaller 82) at this age in the unsaturated regime though this depends on the convective 
turnover times used and Fig. 77 suggests that the Ro-RX relation in h Per is consistent with 
the main-sequence relation. For fully convective main-sequence M dwarfs, the difficulty is 
similarly that the long convective turnover times mean that all but the very slow rotators are in 
the saturated regime making it hard to characterise the unsaturated regime. This was studied 
for the young open cluster NGC 2547 by [86] who found that the unsaturated regimes for 
fully convective M dwarfs and higher mass stars are similar as can be seen in Fig. 77, and 
several studies have backed up their conclusions ([211]; [213]). There is evidence that the 
slope for fully convective stars is steeper ([126]) which might not be visible in Fig. 77 since 
I do not include upper limits. 


2.4 Activity evolution 


Given the close link between rotation and activity, we should expect that the activity lev- 
els of stars decay with age due to rotational spin-down. This was observed by [176] who 
found that Ca II emission decays simultaneously with rotation over billions of years. For 
X-ray emission from solar mass stars, this decay was characterised by [72] who found 
Lx = 2.1 x 108515 erg s™!, where t is the age in Gyr. This decay in high energy emis- 
sion is seen for all magnetic activity related emission, including extreme ultraviolet, though 
at longer wavelengths the decay law is less steep ([165]; [29]). This is in part due to the fact 
that more active stars have hotter emitting plasma ([171]; [89]), meaning that the spectrum 
is more shifted to shorter wavelengths. If we consider again the link between rotation and 
high-energy emission and the various possible rotational evolution tracks that stars can follow 
(Fig. 76), we can see that there is a problem with describing activity decay as a single unique 
power-law. Since stars born as fast rotators remain rapidly rotating for much longer than 
those born as slow rotators, we should expect that the initial rotation rate of a star plays an 
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important role in determining the evolution of its emission. This was shown in [189] for solar 
mass stars, and three different possible evolutionary tracks for X-ray and EUV emission from 
this study are demonstrated in Fig. 78. The slow, medium, and fast rotator tracks correspond 
to the 10", 50", and 90" percentiles of the rotation distribution and the evolution of X-ray 
emission (0.1—10 nm) for these three tracks can be approximated as 


2.0 x 10317112 
Lx =? 26 x 1041 
2.3 x 10%6r-2-50 


where Ly is in erg s™! and ż is in Myr. The evolution of the EUV emission (10-91 nm) for 
these three tracks can be approximated as 


7.4 x 107169 
Leuy = 4 48 x 10327122 
1.2 x 1056775 


where the units of the quantities are the same as the previous equations. 


3 Properties and Evolution of Stellar Winds 


In the previous section, I concentrate on the evolution of stellar rotation and its connection 
to magnetic activity without discussing in any detail winds, which is a primary topic of this 
review. In this section, I discuss how stellar wind bulk properties — primarily mass flux and 
outflow speed — evolve with time and how this depends on the parameters of the star, such 
as mass and initial rotation rate. Unfortunately little is known about this for low-mass stars 
other than the Sun and what is known is not known with any certainty. 


3.1 Observational constraints on winds 


While observations of the long term evolution of stellar rotation make it clear that winds 
are ubiquitous among low-mass stars, other than for the case of the solar wind, we do not 
possess clear observational constraints on their properties. Much work has been dedicated 
to detecting and characterising winds but since winds consist of very tenuous gas, this is a 
very difficult task. Most methods that have been developed attempt to indirectly determine 
wind properties by measuring the effects of these winds on the local interstellar environment 
around the star, planetary or stellar companions, or the star itself. 


3.1.1 Rotational evolution 


The rotational evolution of stars is the most clear indication that stellar winds are present on 
low-mass stars and possibly has the most potential for allowing us to learn about wind prop- 
erties. For example, the observed differences between the spin-down rates of saturated and 
unsaturated stars discussed in Section 2.2 is a good indication that the mass loss rates of winds 
saturate at rapid rotation with other activity related phenomena such as X-ray emission. The 
rate at which a star spins down on the main-sequence depends on several factors, including 
its mass and radius, the properties of its magnetic field, and the properties of its wind and it 
is therefore possible to determine wind properties from the observed rotational evolution of 
stars as explored by several studies ([62]; [131]). The model of [204] for angular momentum 
loss from the winds of magnetised rotating stars gives the angular momentum loss from a 
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Stellar rotation rate (Q.) 


Age (Myr) 
Figure 79: Figure demonstrating how the observed evolution of stellar rotation can be used 
to constrain the properties of stellar winds based on the rotational evolution model of [90]. 
The black triangles from show observational constraints on the evolution of stars at the 90" 
percentile of rotation distributions for solar mass stars. The rotation tracks start at the first 
constraint and show cases for different values of a in the assumed equation My œ Q%. The 
best fit value of a was found to be 1.33 for this particular rotational evolution model. 


stellar wind as Tw œ MQ RÈ, where M,, is the wind mass loss rate, Q, is the stars rotation 
rate, and Ra is the Alfvén radius. Past ages of approximately 1 Gyr, the spin-down of so- 
lar mass stars can be approximated as Q, œ f° ([176]), where t is the age, implying that 
Ò, œ Q3. If we assume approximately constant values for the stellar moment of inertia and 
the Alfvén radius, this implies that Mw œ Q2 œ rl. While this reasoning is overly simplistic, 
it demonstrates the potential to derive wind properties from observed rotational evolution. 

Ideally, we would determine wind properties using a full detailed rotational evolution 
model fit to the abundant observational constraints on rotation distributions in young stellar 
clusters. Using such a model, [132] found that Mw œ M!3Ro~, where Ro is the Rossby num- 
ber. Similarly, considering only stars after the first 100 Myr, [90] found Mw œ R2Q! M7336, 
A plausible assumption is that the surface mass flux has power-law dependencies on Rossby 
number and mass, which gives 


My œ RÈR Me, (61) 


where a and b are parameters to be determined. Note that the above is only when Ro is 
greater than the saturation Rossby number, Rosat, and when this is not the case, Rosa should 
be used in place of Ro. Johnstone et al. (submitted) used measurements of stellar rotation and 
activity to constrain these parameters and found a = —1.76, b = 0.649, and Rosa = 0.0605. 
This equation can be used to find the mass loss rate of any star in the mass range 0.1 to 
1.2 Mo by using the solar mass loss rate of M, = 1.4 x 1074 Mo yr! and the convective 
turnover times derived by [179], though there is much uncertainty for the determination of 
these parameters. This suggests that Mw œ t-°°8 for the solar wind after the first Gyr. The 
estimates for M,, given here are possibly the best observationally driven constraints on wind 
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mass loss rates available, but they still ignore many of the details of rotational spin-down 
physics, such as changes in the magnetic field properties and wind acceleration. 


3.1.2 Radio observations 


Several attempts have been made to observe stellar winds at radio wavelengths, and while 
such winds have not been directly detected, this technique has been able to put important 
upper limits on mass loss rates. These upper limits can be derived in two ways. Given 
their temperatures and ionization states, it is expected that free-free thermal radiation at radio 
wavelengths will be detectable if the winds are sufficiently luminous ([153];[210]). The non- 
detection of radio emission from a star’s wind can therefore be used to derive an upper limit 
on the wind’s density and mass loss rate. For example, [62] was unable to detect emission 
from the winds of three young Sun-like stars and found that the mass loss rates must be below 
~5x107!! Mo yr°!. Possibly even more useful is the fact that with a sufficiently dense wind, 
radiation emitted from a star’s surface at some radio wavelengths will not escape the system. 
The observations of flares on the surfaces of stars in these wavelength regions imply that the 
winds are not sufficiently dense, which can be used to derive upper limits on mass loss. This 
method was used by [121] to derive an upper limit on the mass loss of the 0.3 Mo M-dwarf 
YZ CMi of ~ 107!2 Mo yr, Note that in some cases, stellar winds can also cause radio 
emission from the magnetospheres of planets with short orbital periods to be unobservable 
([195]). The most sensitive upper limits on the winds of young solar mass stars were derived 
by [56] who found that the mass loss rates of the 300 Myr old x! UMa and the 650 Myr old 
k! Ceti are below ~ 5x 10712 Mo yr_!. These upper limits suggest that very active stars likely 
have mass loss rates that are within a factor of 100 of that of the current Sun, though they say 
little about the winds of very young pre-main-sequence stars. 


3.1.3 Interactions with the interstellar medium 


It is possible that wind properties can be inferred from their interactions with the interstellar 
medium (ISM) and stellar astrospheres, which are the stellar equivalents of the heliosphere. 
At distances of several tens of AU from the Sun, the solar wind begins to interact strongly 
with neutral hydrogen from the ISM. Protons in the solar wind charge exchange with ISM 
hydrogen creating a slowly moving ion and a neutral hydrogen atom traveling at several 
hundred km s~! called an energetic neutral atom (ENA). Similar charge exchange reactions 
involving heavy ions in the wind lead to the emission of X-ray photons and [200] attempted 
to observe these photons in the astrosphere of Proxima Centauri. Their lack of detection 
implied an upper limit on the mass loss rate of ~ 3 x 107! Mo yr™!. 

The slowly moving ion created in charge exchange reactions is picked up by the solar 
wind and this has the effect of slowing the wind and eventually making it subsonic. If enough 
neutral hydrogen is present in the region of the ISM that a stellar system is embedded in, a 
wall of neutral hydrogen can build up at the edge of the astrosphere ([207]). If our viewing 
angle to the star is such that the star’s radiation passes through this neutral hydrogen wall, 
much of the star’s Ly-a emission line will be absorbed. Unfortunately, due to absorption by 
neutral hydrogen in the ISM, only a small fraction of a star’s Ly-a emission is observable, 
which makes detecting the signature of this astrospheric absorption challenging. The results 
can be compared to models of wind-ISM interactions and used to estimate wind properties. 
[207], [209], [206], [208] used this technique to estimate wind properties of several stars and 
found that stars with stronger X-ray emission have higher mass loss rates. For example, they 
estimated a mass loss rate for the 0.82 Mo K dwarf e Eri to be ~ 6 x 107! Mg yr°!, which is 
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Figure 80: The atomic hydrogen cloud around the planet Gliese 436b, with red and blue 
showing neutral and ionised hydrogen atoms (each dot corresponds to 1 x 10°? atoms) and 
the black circle showing the planet’s size. The lower panel shows the observed Ly-a emission 
line of the star in and out of transit and the mid-transit model simulated by [100]. Images 
courtesy of K. G. Kislyakova. 


a factor of 30 above that of the current Sun. They results suggested that My œ F. ae which 
for the solar wind at later ages suggests My, œ 12, 


The derived relation between X-ray activity and mass loss breaks down for the most active 
stars which all show much weaker than expected mass loss. For example, their measured mass 
loss from the young 300 Myr old solar analogue x! UMa was half that of the modern solar 
wind ([208]). These results suggest that very active stars could be have much weaker winds 
than we would expect, and could mean that for the first Gyr of the solar system’s history, 
the solar wind mass flux was similar to modern values. However, as discussed in [90], this 
interpretation is difficult to reconcile with our empirical understanding of stellar rotational 
evolution. The rapid spin-down of rapidly rotating active stars that we infer from young 
stellar clusters requires high wind mass loss rates. The dependence of the solar wind mass 
loss rate on #2 at later ages is also much stronger than the results implied by rotational 
evolution models which suggest a t~! dependence. 
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3.1.4 Effects on planetary companions 


Several techniques have been suggested for inferring wind properties indirectly using mea- 
surements of the influences of these winds on transiting planets. Planets are surrounded by 
a large and tenuous cloud of particles originating from their upper atmospheres called the 
exosphere and neutral particles in the exosphere charge exchange with stellar wind protons 
creating an tail of ENAs flowing away from the planet, as shown in Fig. 80. While charge 
exchange with heavy ions in the wind produces X-ray photons, this emission is unobservable 
outside our solar system ([99]). Neutral hydrogen atoms in both the exosphere and in the 
ENA tail can transit the star and the resulting absorption causing variability of the star’s Ly-a 
emission line over the course of each orbit. This can be seen for example in the Ly-a line of 
the M dwarf Gliese 436 which is orbited by a warm Neptune-sized transiting planet as shown 
in Fig. 80. This absorption has been observed for several transiting planets with hydrogen 
dominated primordial atmospheres ([192]; [49], [50]). 

The time variability of the Ly-a line for a given star-planet system depends on the prop- 
erties of the star’s wind in the vicinity of the planet and it is possible to use this to derive 
knowledge about the winds of such stars. [105] compared the Ly-a line of HD 209458, which 
is transited by a short period planet with a mass slightly below that of Jupiter, to models for 
interactions between the star’s wind and the planet’s exosphere. They were able to estimate 
a wind speed in the region of the planet of 400 km s™! and they were also able to estimate 
the magnetic moment of the planet which is important because measurements of exoplanet 
magnetic moments are very challenging ([203]). Similarly, [20] derived a stellar wind speed 
in the vicinity of the transiting planet GJ 436b of 85 km s~! and [193] used their constraints 
to model the host star’s wind, finding a mass loss rate of ~ 107!5 Mg yr-!. Other methods for 
constraining stellar wind properties using transiting exoplanets have been explored ([124]). 

Another promising avenue for measuring stellar wind properties involves hydrogen atmo- 
sphere white dwarfs that have spectral absorption lines from metals, which in many cases is 
unexpected given that metals should rapidly diffuse out of the upper atmosphere. It is possi- 
ble that in many systems, these metals could come from the winds of companion M dwarfs 
accreted onto the surfaces of the white dwarfs ([156]). [43] explored the possibility of con- 
straining the mass loss of the M dwarf companions of six such white dwarfs, three of which 
have small orbital separations of 0.015 AU or less and the other three have separations of 
1.5-159 AU. For the close orbit systems, they estimated mass loss rates between 107!° and 
6x 107! Mo yr-! and for the wider systems, they estimated values above 10710 M, yr“, 
which they argue are unrealistically large. 


3.2 Solar wind: basic properties 


Although a simplification, it is useful here to describe the solar wind as being composed of 
three components: these are the slow wind, the fast wind, and coronal mass ejections (CMEs). 
Typically, the solar wind is not isotropic but has variable speed in different directions with 
speeds typically between 300 and 900 km s™! and the distribution of wind speeds shows two 
clear components with average speeds of 400 km s~! for the slow component and 760 km s~! 
for the fast component. The slow wind is cooler and more variable on short timescales than 
the fast wind and the two components have different abundances of heavy ions ([197]). How- 
ever, the two components have very similar mass fluxes, meaning that the outflow mass flux 
from the Sun is approximately isotropic and the mass loss rate is approximately constant over 
the solar cycle. 

If we do not consider transitory events like CMEs (discussed instead in Section 3.5), the 
main change in the solar wind properties over the solar cycle is the spatial distribution of 
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Figure 81: Magnetic field and velocity structure in the solar wind with dipolar (upper panel) 
and more complex (lower panel) field structures as simulated by [18] using the Space Weather 
Modelling Framework ([187]). Black lines show magnetic field lines and colored contours 
show wind speed and the close relation between acceleration and magnetic field can be seen. 


Images courtesy of S. Boro-Saikia. 
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Figure 82: Solar wind speed as a function of latitude and solar cycle as revealed by 
the Ulysses spacecraft between 1990 and 2010, with Ulysses measurements obtained from 
http:/cohoweb. gsfc.nasa.gov.. The upper panel shows the colatitude of Ulysses and the 
shaded areas indicate the three fast latitude scans. The insets next to each fast latitude scan 
shows the wind speed measured by the spacecraft as a function of colatitude for the three 
scans and we can easily see the differences in wind structure between cycle minimum (first 
and third scans) when the Sun’s global magnetic field was dipolar and maximum (second 
scan) when the field was more complex. The middle panel shows solar X-ray luminosity dur- 
ing this time, with the Lx values derived from the Flare Irradiance Spectrum Model ([24]) 
and the solar cycle variability is clearly visible. The lower panel shows wind speed measured 
by Ulysses during the time. 


slow and fast wind. These two components are closely related to the geometry of the Sun’s 
global magnetic field, which is typically very simple and dipolar at activity minimum and 
much more complex and multipolar at activity maximum. As can be seen in Fig. 81, we 
can break down the Sun’s global magnetic field into regions of closed and open field lines 
and it is known empirically that fast wind originates from regions of open magnetic field, 
whereas the slow wind originates from above closed magnetic field ([198]). However, despite 
this clear correlation, the exact physical origin on the Sun’s surface of the slow component 
is unclear and various possibilities, such as the boundaries between open and closed field 
lines and active regions within closed field regions, have been suggested ([3]). At solar 
minimum, fast wind originates from high latitudes and slow wind dominates in equatorial 
regions, whereas at solar maximum, the distribution of fast and slow wind is much more 
complex and unpredictable. This can be seen from the wind speed measurements of the 
Ulysses spacecraft which which had a very high orbital inclination relative to the plane of 
the solar system and was therefore able to measure the solar wind properties at all latitudes. 
Wind speed measurements and the relation to latitude and the solar cycle from Ulysses are 
shown in Fig. 82. 
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Figure 83: Wind speed as a function of distance from the center of the Sun for different 
lower boundary temperatures assuming a thermal pressure driven wind only and a polytropic 
equation of state as calculated using the model of [92]. 


3.3 Wind physics 


After the initial suggestion by [17] of the presence of a fast flowing wind propagating out- 
wards from the Sun, [155] derived a simple hydrodynamic model for the radial outflow of 
the solar wind. In this model, the wind is accelerate away from the Sun by thermal pressure 
gradients, which is possible given that the outer atmosphere of the Sun reaches temperatures 
of million of K and the assumption by [155] that the wind is isothermal. This model was 
extended to take into account the effects of the Sun’s rotation and magnetic field on the wind 
by [204] who derived for the radial acceleration of the wind 


| M, V B 
dV, __ldp_GM, "4 ETa, (62) 


pd r r 4rprdr 
where r is the distance from the center of the star, V, is the radial outflow speed, p is the mass 
density, p is the thermal pressure, and Vy and By are the azimuthal components of the wind 
velocity and magnetic field. The four terms on the right hand side of this equation correspond 
to the acceleration due to thermal pressure gradients, gravity, the centrifugal force, and the 
radial component of the Lorentz force. Due to the Sun’s slow rotation and relatively weak 
magnetic field, the third and forth terms are negligible for the solar wind and when ignored, 
this equation gives the radial acceleration from the model by [155]. In this model, the wind 
speed far from the surface of the star is determined primarily by temperature, with higher 
temperature winds having higher outflow speeds. The mass flux in the wind is determined 
by both the temperature and the density at the base, wherever that is defined. The isothermal 
assumption leads to unrealistically large acceleration far from the Sun and a slightly more 
realistic model can be obtained by assuming a polytropic equation of state, meaning that 
p & p“, where a = 1 and a = 5/3 correspond to isothermal and adiabatic winds respectively 
(though a Parker wind cannot form if the gas is adiabatic). Note that this is not the relation 
p « p” for an adiabatic gas and a is not the adiabatic index. Within the solar corona, œ is 
approximately 1.05 ([182]) and in the inner heliosphere, œ is approximately 1.46 ([188]). 
Wind acceleration profiles for a polytropic wind with different base temperatures are shown 
in Fig. 83 and a detailed explanation of these types of models is given by [114]. 
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The main problem with the models described above is the lack of any description of 
how the wind is heated, with the temperature and density at the base of the wind being 
free parameters. Since we have no clearly reliable method for determining these parameters 
for other stars, a primary goal for solar and stellar wind physics is the identification and 
description of the mechanisms responsible for heating the outer atmospheres and winds of 
stars. It is generally accepted that the source of the energy is convective motions in the 
photosphere and this energy is transferred to and released in the corona and wind by magnetic 
fields, but the mechanisms responsible are currently disputed. As described in detail in [37], 
physical wind heating models break down into two classes: these are wave/turbulence driven 
models and reconnection/loop-opening models. The former involve waves created by the 
jostling of magnetic field lines in the photosphere propagating upwards and being dissipated 
at higher altitudes. These are typically assumed to be Alvén waves and many physical models 
that heat winds in this way have been developed ([40]; [183]; [190]). The latter involve the 
dragging around of magnetic field lines by photospheric convective motions causing the field 
lines to become stressed, building up energy in the magnetic fields that is then released by 
reconnection. Currently Alfvén wave heating is the favored explanation and is used as the 
main wind driving mechanism in 3D global wind models ([191];[164]). For a recent review, 
see [41]. 

A further complication to the picture involves measurements of the solar wind tempera- 
tures near and far from the Sun. Temperatures derived from the Solar Heliospheric Obser- 
vatory (SOHO) mission have shown that the gas within coronal holes is typically between 
1 and 2 MK ([55]; [9]) and if we assume an isothermal Parker wind, these temperatures are 
high enough to accelerate the wind to speeds typical for the fast solar wind. However, in situ 
measurements of the wind far from the Sun show that it is not isothermal and the hotter fast 
component typically has temperatures of ~ 3 x 10° K at 1 AU. While this is much hotter than 
we would expect if the solar wind was cooling adiabatically as it expands, meaning that wind 
heating must take place throughout the inner heliosphere, models that correctly reproduce the 
temperature structure of the wind are unable to explain the outflow speeds of the fast wind 
using thermal pressure gradients as the only acceleration mechanism (e.g. see Fig. 4 of [92]). 
It is therefore necessary that another acceleration mechanism not included in Eqn. 62 is im- 
portant, and a prime candidate for this is momentum deposition from waves. [35] estimated 
that close to the solar surface, thermal pressure gradients dominate the acceleration, and by 
a few solar radii, direct momentum dissipation from waves contribute approximately half of 
the acceleration (see their Fig. 3). 


3.4 Winds of active stars 


As discussed earlier, little is known about the properties of the winds of active stars largely 
due to our lack of a theoretical understanding of the underlying mechanisms that heat and 
accelerate the solar wind and our lack of observational constraints on wind properties. While 
many models have been developed to predict the properties of active star winds, we have 
no clear way to assess the validity of the assumptions made or to test the predictions of the 
models. In fact, it is reasonable to wonder if we know anything about the winds of active stars 
other than that they are likely to have outflow speeds that are within a factor of a few of the 
solar wind speed and mass loss rates that are within a few orders of magnitude of the modern 
Sun’s mass loss rate. Given the observed rotational evolution of rapidly rotating stars, we have 
good reason to believe that more active stars have higher mass loss rates and this saturates at 
approximately the same rotation rate that X-ray emission saturates. A plausible scenario for 
wind mass loss as a function of rotation is shown in Fig. 84, where the increase in loss rate 
for very rapid rotation is discussed below. 
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Figure 84: Figure showing a plausible scenario for the dependence of wind mass loss on 


rotation for several stellar masses based on the 1D MHD wind model described by [87]. The 
mass loss rates for solar mass stars increase rapidly on the right side of the figure as the line 
approaches the break-up rotation rate. 


The coronae of more active stars are hotter than those of less active stars. Since both 
the Sun’s X-ray emitting corona and the solar wind are heated by energy transferred from 
the photosphere by the magnetic field, we might expect that more active stars have hotter 
winds. This is plausible and would mean that the wind speeds and mass loss rates are higher 
for active stars and decay on the main-sequence due to rotational spin-down ([80]; [90]). 
However, while the link between the X-ray emitting coronae and winds of active stars is 
plausible, several issues exist. It could be that the mechanisms responsible for heating winds 
and coronae are different ([39]); for example, it could be that the corona on small scales is 
be heated by magnetic reconnection while the wind is heated by the dissipation of Alfvén 
waves. If true, these different mechanisms could respond to changes in a star’s magnetic 
field differently. The approximately constant mass loss rate of the Sun over the cycle despite 
large changes in the X-ray luminosity makes the link between coronal activity and winds 
unclear ([30]) though we should be cautious with interpreting this lack of correlation since 
the spin-down related decay in stellar magnetic fields and X-ray emission is not analogous to 
the changes in the Sun’s magnetic field and X-ray emission over the solar cycle. Even if the 
winds of more active stars are hotter, [183] suggested that the higher densities in the wind 
cause enhanced radiative cooling that can reduce the final speeds and saturate the mass loss. 

For very rapidly rotating stars, other processes become important. Although the third 
and forth terms on the right hand side of Eqn. 62 for the centrifugal and Lorentz forces 
respectively are negligible for the Sun, they are significant for the winds of more strongly 
magnetized and more rapidly rotating stars. This was studied by [13] who identified two 
distinct regimes. Stars are in the slow magnetic rotator regime when centrifugal and Lorentz 
forces have a negligible contribution to the acceleration of the wind. Stars are in the fast 
magnetic rotator regime when these forces dominate in determining the flow speeds of the 
wind far from the star. In this regime, the mass loss rate is still determined primarily by 
other processes. It is also possible for very rapidly rotating stars to be in a third regime, 
called the centrifugal magnetic rotator regime, where centrifugal and Lorentz forces influence 
significantly the wind mass loss rates. A star enters this regime when the equatorial corotation 
radius is below the sonic point. The properties of winds for stars that are very rapidly rotating 
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were studied by [87] who showed that as stars approach the break-up rotation rate, wind 
mass loss rates rapidly increase as shown in Fig. 84, though they also found that the wind 
properties in the fast and centrifugal rotator regimes depend on assumptions made for the 
wind temperatures of active stars. 


3.5 Coronal mass ejections 


There is another factor that complicates the picture and adds another level of uncertainty to 
our understanding of the winds of active stars. Coronal mass ejections (CMEs) are eruptive 
events involving a bulk of plasma with its magnetic field that is accelerated away from the 
Sun and propagates through interplanetary space. Solar CMEs have a very large range of 
properties and typically have speeds between 100 and 1000 km s7! and masses between 101? 
and 5 x 10!6 g ([2D. Their angular widths can be as small as 10° or larger than 180° ([214]). 
The rate at which the Sun produces CMEs varies with the solar cycle, with a higher CME 
occurrence rate being seen at solar maximum ([202]). There is a clear link between CMEs 
and solar flares ([75]; [2]) and it is likely that in many cases, flares and CMEs result from the 
same magnetic events, but the exact nature and universality of this link are unclear. While 
flares and CMEs often occur together, many CMEs are observed without a corresponding flare 
and many flares are observed without a corresponding CME, though this is surely influenced 
by difficulties in detecting and linking these two phenomena. It appears that the link with 
flares is stronger for larger solar flares, and [199] estimated that 90% of X-class flares (the 
largest class of flares) are associated with CMEs. More energetic flares are associated with 
more massive and rapidly outflowing CMEs. For a review of solar CMEs, see [28]. 

Since more active stars have higher flare occurrence rates, we should expect that they 
have also higher CME rates. This is difficult to study since, like winds, CMEs are very dif- 
ficult to detect observationally on other stars ([117]) though some possible detections exist 
({140];[11]; [118]). One way to study CMEs from active stars is to combine statistical re- 
lations for the solar flare-CME relation with observationally determined statistics for flare 
rates and energies on active stars. [1] studied CME winds for pre-main-sequence stars and 
estimates mass loss rates of between 1071? and 107° Mo yr-!. For saturated Sun-like main- 
sequence stars, [45] estimated CME mass loss rates of 107! Mo vi For a review of these 
types of extrapolations, see [147]. These high CME rates would lead to significant angular 
momentum removal and could be one of the factors influencing the rotational evolution of 
rapidly rotating stars ([170]; [1]; [85]). 

These results suggest that the winds of very active stars could be entirely dominated 
by CMEs and planets orbiting such stars could experience highly turbulent space weather 
conditions. However, several issues exist with these estimates. The high mass loss estimated 
by [45] leads to a continuous CME energy loss that is 10% of the star’s bolometric luminosity 
which is unreasonably large. They suggested that the flare-CME relation must be invalid for 
the largest flares to avoid such extreme energy loss. A possible solution to this problem is 
the suppression of stellar CMEs by the global magnetic fields of host stars ([6]). While the 
global component of the Sun’s magnetic field is typically ~1 G, young active Sun-like stars 
have values that are orders of magnitude larger ([58]) and these very strong fields can trap 
CMEs within the closed corona. 


4 Earth’s Upper Atmosphere and Wind Interactions 


To understand the diverse ways that stellar winds can influence the atmospheres of planets, 
it is useful to consider first the modern Earth’s since this is the most well understood case. 
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Figure 85: Cartoon showing the vertical structure of Earth’s atmosphere. 


The modern Earth’s atmosphere is composed primarily of Nz and O, (and 1% Ar which is of 
little importance), with small amounts of other species such as CO; and H20, and the Sun’s 
magnetic activity is generally very low. In this section, I describe the structure and physics 
of the Earth’s upper atmosphere and magnetosphere, and in the next section, I describe how 
this is likely to be different for planets with different types of atmospheres orbiting different 
types of stars. 


4.1 The vertical structure of the Earth’s atmosphere 


It is common to break down the vertical structure of the atmosphere is into layers based on the 
temperature gradient as shown in Fig. 85. The lowest layer is the troposphere which extends 
from the surface to the tropopause at an altitude of 10 km and has a decreasing temperature 
with increasing altitude (i.e. a negative temperature gradient). The troposphere is heated 
by its contact with the surface and this heat is distributed upwards by convection. Above 
the troposphere is the stratosphere, which has a positive temperature gradient due to the 
absorption of solar ultraviolet radiation by ozone and extends from 10 km to the stratopause 
at approximately 50 km. These two regions are labeled in Fig. 85 as the ‘lower atmosphere’. 
Above this is the mesosphere, which again has a negative temperature gradient due to cooling 
by the emission of infrared radiation to space by CO, molecules and extends from 50 km 
to the mesopause at approximately 100 km. Above this is the thermosphere, which has a 
strong positive temperature gradient due to the absorption of solar X-ray and extreme and far 
ultraviolet radiation, particularly by O2 and O. The temperature of the Earth’s thermosphere 
typically varies between approximately 500 and 1500 K and depends primarily on the Sun’s 
activity ([166]). The thermosphere extends to the exobase, which is typically at an altitude 
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Figure 86: The temperature and chemical structure of the Earth’s upper atmosphere as 
calculated by [91]. 


of a few hundred km and varies also with the Sun’s activity. The exobase is where the gas 
density drops low enough that the gas is approximately non-collisional. 


It is useful also to consider the chemical structure of the atmosphere which also has sev- 
eral layers, the most important of which are the homosphere and the heterosphere. The homo- 
sphere extends from the surface until approximately 120 km and in this region the gas is well 
mixed by turbulent processes, causing the mixing ratios of stable long-lived species (e.g. No, 
O2, CO, Ar, etc.) to be uniform with altitude regardless of their masses. An important excep- 
tion to this is water vapor which has a very low abundance at high altitudes due to the presence 
of the cold trap in the lower stratosphere which prevents water molecules from reaching the 
upper atmosphere. The upper boundary of the homosphere is called the homopause or tur- 
bopause. Above the homopause is the heterosphere and in this region molecular diffusion 
separates the chemical species by mass such that heavier species become increasingly less 
abundant at higher altitudes. The Sun’s XUV radiation dissociates molecules and causes the 
gas throughout most of the thermosphere to be dominated by atomic O and N as shown in 
Fig. 86. 


If we consider a hydrostatic atmosphere only, the density of the ith chemical species, n;, 
decreases with altitude, z, as n; œ exp (—z/H;), where H; is the pressure scale height given by 
kT /mg, where k is the Boltzmann constant, T is temperature, m is the molecular mass of the 
gas, and g is the gravitational acceleration. Note that this only applies to long lived species 
that are not rapidly created and destroyed by chemical processes. The difference between the 
homosphere and the heterosphere is the molecular mass term, m. In the homosphere, this is 
the average molecular mass of the entire gas meaning that each chemical species has the same 
scale height regardless of mass. In the heterosphere, this is the mass of individual species, 
meaning that heavier species have smaller scale heights. 


The upper mesosphere and thermosphere correspond to the ionosphere where the absorp- 
tion of solar X-ray and EUV photons causes ionisation of the gas. The density of ions depends 
sensitively on the Sun’s activity and varies over the solar cycle (e.g. [178]). For the modern 
Earth, the ionisation fraction of the gas reaches values of ~ 107? at typical solar maximum 
conditions and this small mixing of ions is very important for interactions between the up- 
per atmosphere and the magnetosphere. By definition the ionosphere extends to the exobase 
and since the gas densities are low in the upper thermosphere, the neutral, ion, and electron 
components of the gas have different temperatures. The thermal and chemical structure of 
the ionosphere is shown in Fig. 86. 
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Figure 87: The basic structure of the exosphere of the Earth assuming the Sun’s activity 
from 3 Gyr ago as calculated using a kinetic particle model by [102], with each point corre- 
sponding to approximately 10” particles. The right panel shows the same as the left panel 
but zoomed in around the planet which is shown in black. The purple and green points show 
atomic nitrogen and oxygen neutrals respectively, and the blue and red points show atomic 
nitrogen and oxygen ions. The black parabola in the left panel shows the approximate bound- 
aries of the magnetosphere and the wedge shaped lines coming from the poles show the polar 
opening angle expected 3 Gyr ago due to stronger solar wind conditions. Image courtesy of 
K. G. Kisylakova. 


4.2 Exospheres, magnetospheres, and winds 


Above the exobase is the exosphere, which is approximately isothermal and extends out into 
interplanetary space (there is no clear and exact definition for the upper boundary of the 
exosphere). A useful definition for the exobase is based on the Knudsen number, Kn, which 
is a dimensionless quantity given by the ratio of the mean free path of particles to a relevant 
length that characterises the scale of the system, which for planetary atmospheres is typically 
the pressure scale height, which we can define as H = —p/(dp/dz), where p is the thermal 
pressure and z is the altitude or radius, and for a fully hydrostatic atmosphere this is given 
by kT/mg. Low in the Earth’s atmosphere, the high density of the gas means Kn « 1 and 
as we go to higher altitudes this value increases until the exobase where it becomes unity. 
Below the exobase, the particle speed distribution can be approximated by a normal thermal 
Maxwellian distribution. In the exosphere, the much more tenuous gas means that Kn > 1 
and particles are mostly able to move freely with few collisions and they do not follow the 
Maxwellian distribution. A particle simulation of the exosphere of the Earth, assuming solar 
conditions from 3 Gyr ago, is shown in Fig. 87. 

Particles that cross the exobase can have a range of fates depending on their velocities 
and their interactions with other exospheric particles ([16]) and with the solar radiation field 
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and wind ([216]; [15]). In the absence of any interactions, particles either fall back to the 
atmosphere on ballistic trajectories or escape the system entirely depending on if they are 
traveling slower or faster than the escape velocity. If they collide with other exospheric 
particles, they can become satellite particles that orbit the planet. Particles can also become 
ionised by absorbing solar XUV photons, by colliding with electrons in the solar wind, or by 
charge exchanging with ions in the solar wind. If ionised, their trajectories are also influenced 
significantly by the Earth’s magnetosphere or by the solar wind depending on where the 
ionisation takes place, with ions created beyond the boundary of the magnetosphere being 
swept away by the solar wind magnetic field. As discussed in Section 3.1.4, charge exchange 
between exospheric particles and wind protons creates a population of fast moving neutrals 
called ENAs. Since these ENAs are not influenced by the planet’s magnetosphere, ENAs 
created between the planet and the direction from which the wind is propagating enter the 
atmosphere and collide with atmospheric particles, which can heat the upper atmosphere 
((26]; [1191). 


When considering atmospheric loss processes, an important source of ions in the magne- 
tosphere is upward flows from the ionosphere. Given their much lighter mass, ionospheric 
free electrons are poorly bound gravitationally and expand away from the planet causing a re- 
duction in the electron density and the generation of an ambipolar electric field. This field acts 
to maintain quasi-neutrality in the gas by inhibiting the outflow of electrons, which causes an 
outward pressure on the ions resulting in a flow of ions and electrons from the ionosphere into 
the magnetosphere. These particles are then distributed throughout the magnetosphere ([47]) 
and their ultimate fates are currently a matter of debate. While some studies suggest that 
most escape the magnetosphere and are lost to interplanetary space ([145]), others suggest 
that most are unable to escape and are recaptured by the planet ([172]). The outward flow of 
ions and the fraction of these ions that escape to space depend on the solar wind conditions 
and emission of high-energy radiation ([74]). For a review of ion flows in the magnetosphere, 
see [138]. 


The structure of Earth’s magnetosphere is shown in Fig. 88. For the Earth, the boundaries 
of the magnetosphere are very large in comparison to the planet and the atmosphere. The 
outer boundary of the magnetosphere is called the magnetopause and in the direction of the 
incoming solar wind is approximately at the point where the magnetic pressure from the 
Earth’s magnetic field balances the ram pressure in the wind, which is typically at a radius of 
~10 Rg. Since the exobase is typically at a radius of 1.07 Rg, the very large magnetosphere 
compared to the thickness of the atmosphere means that most exospheric particles do not 
interact directly with the solar wind. For this reason, the magnetosphere is often described as 
protecting the atmosphere from escape to space by wind erosion. However, the situation is 
more complicated and there is disagreement about the effects of the magnetosphere on escape, 
as discussed below. Note that planets that do not possess significant intrinsic magnetic fields, 
such as Venus and Mars, form induced magnetospheres due to interactions between the solar 
wind and their ionospheres and exospheres ([14]). The interaction between the solar wind and 
the Earth’s magnetosphere also causes additional effects lower in the atmosphere, especially 
during geomagnetic storms when the rapid changes in the space weather conditions in Earth’s 
vicinity causes reconnection in the magnetosphere and jostling of the magnetic field lines that 
connect to the Earth’s ionosphere ([25]). The former causes the acceleration of particles that 
can precipitated downwards into the thermosphere and below, driving thermal and chemical 
processes. The latter causes electric currents in the ionosphere, and as these charged particles 
collide with neutrals, energy is dissipated causing the gas to be heated (this process is called 
Joule heating), especially in the region above 100 km ([166]). 


V - Stellar Winds and Planetary Atmospheres 


—20 = 10 0 10 20 


Figure 88: Simulation of Earth exposed to dense and fast early solar wind calculated using 
the Space Weather Modelling Framework ([187]). The background color shows the plasma 
density, and red and white lines illustrate the planetary and solar wind magnetic field lines. 
Image courtesy of K. G. Kislyakova. 


5 Planetary Upper Atmospheres and Escape 


Loss processes take place in the planet’s thermosphere and exosphere and are mostly driven 
by the central star’s output of high-energy radiation and wind. These processes are often 
broken down into thermal and non-thermal processes (Lammer 2013) where the thermal pro- 
cesses are Jeans escape and hydrodynamic escape and non-thermal processes include every- 
thing else. Jeans escape involves the high energy tail of the thermal Maxwellian distribution 
at the exobase with upward speeds greater than the planet’s escape velocity, allowing the par- 
ticles to leave the planet entirely. This is especially important for low mass particles such as 
hydrogen, but can also be important for higher higher mass particles if the atmosphere is very 
hot. Several processes in the planet’s exosphere ionize neutral particles leading them to be 
picked up by the stellar wind ([101]; [20]). Other significant processes include the outflow 
of ions from the magnetic poles as discussed above ([68]) and photochemical escape, which 
involves the escape high speed particles created in chemical reactions ([8]) and is powered 
by energy absorbed from the star’s XUV spectrum. In all these cases, the loss rates are in- 
fluenced heavily by the chemical and thermal structure of the upper atmosphere, with hotter 
atmospheres having higher loss rates, in some cases because they are more expanded and 
therefore more exposed to direct interactions with the star’s wind. When gas temperatures 
are very high, it is possible for the upper atmosphere to flow away from the planet hydrody- 
namically (e.g. [186]) at very high rates. The structure of the upper atmosphere is determined 
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by many thermal and chemical processes and is influenced by several factors, including the 
mass of the planet, the chemical composition of the atmosphere, and the star’s X-ray and 
ultraviolet spectrum. 

It is important to understand what effect an intrinsic planetary magnetic field has on these 
escape processes and on the total escape. It is often assumed that by reducing the direct inter- 
actions between a planet’s exosphere and the star’s wind, magnetic fields protect atmospheres 
from escape. However, there are a large number of loss processes that respond to planetary 
magnetic fields in complex ways and the net effect of a magnetosphere is not clear. While it is 
true that direct ionisation and pickup of exospheric neutral particles by winds is prevented by 
magnetospheric shielding, the magnetosphere collects energy from the wind and dissipates 
this energy lower in the atmosphere, driving processes such as high energy particle accelera- 
tion and Joule heating. [73] studied the importance of the presence and strength of a planet’s 
intrinsic magnetic field on several loss processes and found that in some cases, the magnetic 
field increases the escape of ions. It is possible that given the complexity of the problem, a 
planetary magnetic field influences escape in different ways for different parts of the parame- 
ter space. For example, this was found by [48] who studied ion escape from weakly-ionized 
Mars-sized planets. 

[73] pointed out that the magnetised Earth and the unmagnetised Venus and Mars all 
lose atmosphere at approximately the same rate (~0.5 to 2 kg s~!). While this is suggestive, 
differences in the masses, orbital distances, and atmospheric compositions of these planets 
possibly explain the similar loss rates. For example, while Venus is closer to the Sun and 
lower mass than Earth, its atmosphere is composed mostly of carbon dioxide which, as I 
explain below, cools the upper atmosphere and protects it from escape, whereas Earth’s N2 
and O, dominated atmosphere heats up and expands much more readily. Mars is further from 
the Sun than Earth and also has a carbon dioxide atmosphere, which reduces the escape, but 
it also has a very low mass. 


5.1 Hydrodynamic escape 


An important loss mechanism that has been discussed extensively in the exoplanet literature 
is hydrodynamic escape. The term is usually used to refer to the outflow of atmospheres that 
are heated to such an extent that they flow away from the planets in the form of transonic 
Parker winds. This process does not take place in the solar system, mostly due to the Sun’s 
low activity. Hydrodynamic escape can be driven by the XUV spectrum of active stars (e.g. 
[186]), the energy held within the planet and atmosphere immediately after the circumstellar 
gas disk dissipates ([180]), or the photospheric emission of the star for very short period plan- 
ets ([151]). Since atmospheres composed of lighter gases are lost more rapidly ([54]), these 
processes are most important for hydrogen dominated primordial atmospheres. For terrestrial 
planets with such atmospheres orbiting active stars, hydrodynamic escape is much stronger 
than stellar wind stripping ([106]). It is even possible that the pressure of the star’s wind 
suppresses the outflow and reduces the escape ([173];[194]). In hydrodynamical outflowing 
atmospheres, adiabatic cooling driven by the expansion of the gas has been shown to be an 
important thermal process ([186]; [141]). 

A simple estimate for XUV-driven hydrodynamic escape rate can be achieved by con- 
sidering the amount of energy in the star’s XUV field that is available to remove gas from 
the planet. If we assume a planet absorbs all XUV radiation that passes within a radius 
Rxuv of the planet’s center, the rate at which the planet absorbs stellar radiation is given by 
nR yF xuy, Where Fxuv is the XUV flux at the planet’s orbit. It is useful to define a param- 
eter € as the fraction of absorbed energy used to lift mass out of the gravitational potential 
well of the planet. This term is often called the ‘heating efficiency’ and this has caused it to 
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be confused with the fraction of absorbed XUV energy that is used to heat the gas. Much 
of the absorbed energy that is released as heat is irradiated back to space or ends up as ki- 
netic energy of the escaping escaping gas which is typically accelerated to speeds beyond that 
needed to leave the system. Since the energy required to remove a gravitationally bound mass 
m from near the surface of a planet is given by GM,)m/R,, the rate at which a hydrodynamic 


flow removes energy is (GM; /Rji) M where M, is the atmosphere’s mass loss rate. This 
leads to an estimate of the mass loss rate given by 
x EMR py Rp xuy 
Ma = GM, , (63) 
which is typically called the energy-limited escape equation ([201]). 

This simple reasoning does not take into account several factors that can influence hy- 
drodynamic losses. For instance, tidal effects are important for close-in planets ([53]). Since 
some of the energy is absorbed in the supersonic part of the wind and therefore cannot con- 
tribute to the loss rate and since the sonic point is closer to the planet for more rapidly out- 
flowing atmospheres, the dependence of M, on Fxuv should be weaker than linear (see Fig. 1 
of [93]). Similarly, the loss of absorbed energy by radiative processes causes a weaker than 
linear M.-F xuv dependence for very highly irradiated planets ([141]; [148]). Also important 
for Fxuv is which parts of the XUV spectrum contribute to escape and this depends on the 
chemical composition of the atmosphere since the wavelength dependence for absorption are 
different for different chemical species. Since H and H3 do not efficiently absorb radiation 
long ward of 112 nm, only the spectrum short-ward of this value is important. However, 
for Earth-like atmospheres, absorption by species such as O and O3 means that the relevant 
part of the spectrum extends beyond 200 nm, meaning more energy is available to drive hy- 
drodynamic escape ([94]). For very strongly escaping hydrogen dominated atmospheres, it 
is possible that only the X-ray part of the spectrum is relevant if the EUV radiation is en- 
tirely absorbed above the sonic point ([148]). For a description of hydrodynamic escape that 
overcomes much of the limitations of the energy limited equation, see [111] and [112]. 

The thermal escape of an atmosphere and whether it is undergoing hydrodynamic escape 
depends primarily on the planet’s mass, the mass of the atmospheric particles, and the tem- 
perature of the upper atmosphere and is often characterised by the Jeans escape parameter, 
Ay. This is defined as the ratio of the potential energy to the thermal energy per particle at the 
exobase and is given by 

GM, pin 
7 kB TexoRexo | 
where m is the molecular mass of the gas, Texo is the gas temperature, and Rexo is the exobase 
radius. This is also the ratio of the square of the escape velocity Ue = 2GMp/Rexo) to the 
square of the most probable thermal velocity (CA = 2kgTexo/m) for particles at the exobase. 
This parameter specifies how gravitationally bound an atmosphere is to the planet and for 
Ay > 30 the atmosphere can safely assumed to be hydrostatic, and for Ay < 15, rapid thermal 
escape is expected to take place. For considering the escape of individual chemical species, 
m should be the mass of that species, and for considering if an atmosphere is undergoing 
hydrodynamic escape, m should be the average molecular mass of the gas. The name of this 
parameter comes from the fact that it is used in the expression for the Jeans escape rate, which 
for given species is given by 


AJ (64) 


(1 + A) eu 

2n!2 ? 
where n is the number density at the exobase of the species of interest. For discussions on 
these processes, see [125] and [60]. 


M; = 4rR?,,nmvin (65) 
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Figure 89: Thermal structure of Earth’s mesosphere and thermosphere assuming modern 
conditions (black lines), the modern Earth’s atmosphere exposed to the higher XUV flux 
of the Sun approximately 2.5 Gyr ago (blue lines), and an Earth-like atmosphere with 100 
times the present CO2 composition exposed to the modern solar spectrum (red lines). The 
atmosphere models were calculated by [91]. 


5.2 Upper atmospheres and active stars 


While the modern Earth is a useful case to understand, we are more interested in this review 
in cases involving planets orbiting active stars since this is when the influences of stellar 
winds and atmospheric loss processes are most important. The higher XUV fluxes of more 
active stars causes the gas to be heated to much higher temperatures and to be ionised to a 
much greater degree. Several studies have explored what happens to the thermal and chemical 
structure of Earth’s thermosphere if it were present in its modern form at earlier times in the 
solar system’s history when the Sun was more active ([113]; [185]; [91], [94]). These studies 
have shown that the higher XUV flux of the younger more active Sun lead to thermospheres 
that are significantly hotter and more expanded, leading to more rapid escape at the upper 
boundary. An example of the effects of a higher XUV flux on the thermal structure of the 
upper atmosphere is shown in Fig. 89. 

While we typically describe the atmospheres of the planets and moons in our solar system 
as hydrostatic, it is in fact always the case that some material is escaping from the upper 
atmosphere to space meaning that there is always a net upward flow of material throughout 
the atmosphere. For the Earth, this is typically much less than 1 cm s7! at the exobase and 
is negligible. [185] studied the case of an input XUV spectrum with an EUV flux of twenty 
times the modern value and found that the thermosphere is heated to over 10* K and the 
exobase expands to an altitude of 10° km. This puts the exobase higher than the modern 
magnetopause of the Earth, meaning that the Earth’s thermosphere under such conditions 
would expand beyond the boundaries of the magnetosphere. Assuming only Jeans escape, 
they found that this causes upward flow speeds approaching 1 km s~! which is high enough 
that adiabatic cooling of the expanding gas causes a negative temperature gradient in the 
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Figure 90: Estimates from [120] of the evolution of Earth’s exobase altitude between 0.2 
and 5 Gyr from the birth of the solar system assuming a modern atmospheric composition 
(red line), an atmosphere with 100x the modern CO: (green line), and an atmosphere that 
is 96% composed of CO: (blue line). The shaded area shows their range of estimates for 
the magnetopause radius. This figure shows that with a modern atmospheric composition, 
the Earth’s thermosphere would have been directly exposed to the solar wind for the entire 
Hadean and the early Archean, and this can be avoided if a larger amount of CO; was present 
in the atmosphere. 


upper thermosphere. Additional loss mechanisms, such as cold ion outflows and pick-up by 
stellar winds would cause additional adiabatic cooling in these cases. 


[120] used the results of [185] to estimate the evolution of the Earth’s thermospheric 
expansion and compared these with estimates the magnetosphere’s size, as summarised in 
Fig. 90. The magnetosphere was likely smaller at earlier evolutionary phases due to stronger 
compression by the denser and faster early solar wind and a weaker intrinsic magnetic field 
([184]). The total magnetospheric compression is uncertain and the range of scenarios cal- 
culated by [120] is shown as the shaded area in Fig. 90. They showed that with its current 
atmosphere, the Earth’s thermosphere at ages younger than approximately 700 Myr would be 
expanded beyond the boundaries of the magnetosphere and be exposed to direct interactions 
with the solar wind. For their most active case, they estimated loss rates from ionisation and 
pick-up of atmospheric particles by the solar wind of 0.1 bar Myr |, meaning that the Earth’s 
modern atmosphere would be removed in 10 Myr. Such rapid escape is unreasonable since 
it would likely imply that the Earth was without an atmosphere throughout the Hadean and 
early Archean, contrary to evidence for the presence during these times of an atmosphere, 
liquid surface water, and even life ([136]; [137]; [22]). 


[94] considered an Earth with an Earth-like atmosphere exposed the much higher XUV 
flux of a very young rapidly rotating Sun and showed that the atmosphere is heated to such 
a high temperature that it flows away from the planet hydrodynamically. They found mass 
loss rates of approximately 10 bar Myr™!, which is high enough to remove the entire modern 
atmosphere of the Earth in 0.1 Myr. They also showed that the gas is composed 20% of ions, 
which is several orders of magnitude more than the ionisation fraction in modern Earth’s 
ionosphere. 


183 


184 Star-Planet Interactions — Evry Schatzman School 2019 


5.3 The importance of atmospheric cooling 


Consider again the results of [120] for the case of the Earth’s atmosphere exposed to the 
higher XUV flux of the young Sun. It is interesting to speculate about what could have 
prevented the unrealistically high mass loss due to pick-up by the young solar wind that they 
found. An important process that likely protected Earth’s atmosphere during the early period 
of high solar activity is upper atmosphere cooling by radiative emission to space. The most 
likely candidate for this cooling is infrared emission from CO: which is the most important 
coolant in Earth’s upper atmosphere and is responsible for the formation of the mesosphere. 
Geochemical measurements show that the CO2 abundance in Earth’s atmosphere during and 
after the late Archean was orders of magnitude higher than it is in the modern atmosphere 
(e.g. [175]; [46]; [96]) and while such constraints on CO, for the mid Archean and earlier are 
not available, it is possible that CO2 was the dominant component of the atmosphere during 
the Sun’s highest activity phase. 

The effects of having a CO; dominated atmosphere on the upper atmosphere of a planet 
can be seen well by comparing modern Earth and Venus. Venus’ atmosphere is almost entirey 
CO: and despite receiving double the solar radiative flux as the Earth, its thermosphere is far 
colder and more contracted, with the exobase altitude being typically below 200 km and the 
exobase temperatures reaching only ~200 K ([77]; [67]). The effects of large changes in the 
CO; abundances in Earth’s atmosphere were studied by [113] and [91] and an example of 
the effects of increasing the atmospheric CO: by a factor of 100 is shown in Fig. 89. The 
green and blue lines in Fig. 90 show the effects on the exobase radius of having 100x the 
modern CO; and a 96% CO; abundance respectively. The higher CO: abundances lead to 
much reduced exobase altitudes that are below the upper estimates for the magnetopause 
radius. The atmospheric loss rates from all important loss mechanisms in the cooler and less 
expanded cases are much lower. 

The example of Earth’s atmosphere evolution is useful for understanding the importance 
of atmospheric composition on the long term evolution of planetary atmospheres. While the 
influence of an intrinsic magnetic field on atmospheric losses is currently disputed and it is 
not clear if magnetospheres are indeed effective at protecting atmospheres from losses, it is 
clear that strong coolant molecules such as CO: are very effective at protecting atmospheres 
from interactions with stellar winds and from losses to space. Other important molecules for 
cooling include H20, NO, O, H, and H}. Cooling by H20 is unimportant for modern Earth 
because the cold trap prevents significant amounts of water reaching the upper atmosphere. 
Under many conditions the cold trap does not form, such as those of the Earth prior to the 
great oxidation event 2.5 Gyr ago ([66]) and those of Earth-like planets orbiting low-mass 
stars ([65]), and this means that H20 could play a much more important role. Cooling from 
species such as H} (see [135]) and H can be especially important for hydrogen dominated 
atmospheres such as those of gas giants ([141]; [174]; [23]). Note that not all cooling involves 
infrared emission: for example, hydrogen atoms cool by emitting in the Ly-a line which is 
part of the far ultraviolet. 


5.4 The importance of the star’s rotational evolution 


Another important factor that can change the scenario for the Earth’s thermosphere evolution 
shown in Fig. 90 is the rotation history of the Sun. [120] assumed a single time dependent 
decay law for the Sun’s EUV emission based on the results of [165] to estimate the evolu- 
tion of the thermospheric temperature. However, as we show in Fig. 78, the Sun’s activity 
evolution depends on its initial rotation rate and different evolutionary tracks are possible. If 
the Sun was born as a slow rotator, its high-energy emission during the early phases of its 
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Figure 91: Example evolutionary tracks for the masses of hydrogen dominated primordial 
atmospheres on planets with masses of 0.3 and 0.6 Mg orbiting solar mass stars at 1 AU. 
Cases for initially slowly and rapidly rotating stars are considered using the XUV evolution 
tracks of [189]. The pickup of the atmosphere during the disk phase is shown in the red 
shaded area and is based on the result of [181] and the loss after the disk has dissipated is 
calculated using the model developed by [93]. This shows the importance of a star’s initial 
rotation rate for an atmosphere’s evolution. While it is assumed in the calculations that the 
planets remain at the masses indicated for their entire lives, what matters most is the mass of 
the planet at the end of the gas disk phase. 


evolution would have been lower than that assumed by [120]. It is likely also that the solar 
wind densities and speeds would have also been lower than assumed ([90]), though this is 
more speculative given our lack of understanding of the solar wind’s evolution. Note that this 
section focuses on solar mass stars only and the differences between different rotation tracks 
is smaller for lower mass stars given their lower saturation thresholds for activity. 


Given the link between stellar rotation and activity described in Section 2.3 and the di- 
verse ways that rotation can evolve, the rotational evolution of the central star is an important 
factor that influences the long term evolution of atmospheres. This was explored for XUV 
driven hydrodynamic escape of primordial atmospheres in [93] and [110] who showed that 
planets orbiting initially rapidly rotating stars lose far more atmospheric gas than those orbit- 
ing initially slowly rotating stars, as demonstrated in Fig. 91. Depending on the initial rotation 
rate of the star, a planet can either lose an atmosphere entirely in the first billion years or keep 
it for its entire life, which has severe consequences for the conditions on the surfaces of these 
planets. The influence of different rotation tracks was studied for Earth-mass planets with 
water vapor atmospheres orbiting solar mass stars at 1 AU by [88] who showed that initially 
rapidly rotating stars erode far more atmospheric gas than slowly rotating stars. In the first 
billion years, a rapid rotator can remove several tens of Earth oceans of water (assuming a 
sufficiently large reservoir of water exists to be removed) whereas a slowly rotating star can 
only remove approximately | Earth ocean. Since water vapor is first photo-dissociated into 
atomic O and H (and ionized into O* and H+) and the relative losses of H and O depend on 
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Figure 92: Wind mass flux in the habitable zones of main-sequence stars as a function of 
stellar mass for three different rotation rates. The values are normalised to the mass flux of 
the solar wind at 1 AU and the ranges of values shown for each rotation rate show the fluxes 
between inner and outer habitable zone limits, defined as the moist and maximum greenhouse 
limits and calculated using the relations of [109]. 


the loss rate, this has significant effects on how much O, remains on the atmosphere at the 
end of the escape phase and on the final atmosphere’s composition. 

The cases shown in Fig. 91 end at an age of 1 Gyr and we expect little additional loss 
at later ages since the activities of solar mass stars decay rapidly due to stellar wind driven 
spin-down. Even in the first billion years, the total amount of atmospheric escape is reduced 
by the decay in stellar rotation and activity as shown by [88] who considered also the effects 
of stars remaining at their maximum activity on losses from water vapor atmospheres. This 
is probably the most important effect that stellar winds have on the evolution of planetary 
atmospheres. By removing angular momentum from rapidly rotating young stars, winds 
prevent them from remaining highly active for their entire lives and therefore prevent the 
early period of extreme atmospheric escape from lasting until no volatile species are left 
to form an atmosphere. It is interesting to consider that despite driving a large number of 
important atmospheric loss processes, by spinning down their stars the net effect of stellar 
winds on the evolution of planetary atmospheres is likely one of atmospheric protection. 


5.5 Stellar winds, CMEs, and habitable zone planets 


Much of the motivation for studying how stellar winds influence the atmospheres of planets 
is our desire to understand questions related to planetary habitability and the likelihood that 
Earth-like surface conditions form on terrestrial planets outside our solar system. It is inter- 
esting for this purpose to consider the properties of stellar winds in the habitable zones (HZs) 
of stars with different masses and the effects on atmospheric losses. In Fig. 92, I show how 
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the mass flux in the wind in the HZ depends on stellar mass for three different rotation rates 
which I calculate using the constraints on wind mass loss derived from rotational evolution 
(Eqn. 61) as discussed in Section 3.1.1. Due to their much closer HZs, planets orbiting lower 
mass stars experience far higher mass fluxes when the stars are moderately or slowly rotating. 
Since lower mass stars experience longer periods of rapid rotation, we might expect that their 
HZ planets lose more atmospheric gas over longer time periods. 

An important location in magnetised stellar winds is the Alfvén surface, which is the 
surface around the star at which the outflow speed of the wind becomes equal to the speed of 
Alfvén waves. The Alfvén surface is typically within a few tens of stellar radii and very non- 
spherical. [32] showed that for very low mass stars with HZs that are much closer to the stellar 
surface, the Alfvén surface can extend beyond the limits of the HZ, meaning that HZ planets 
experience both sub- and super-Alfvénic conditions over their orbits. This has an important 
effect on the magnetospheres of these planets since in the sub-Alfvénic regime, bow shocks 
do not form and the structure of the magnetosphere is very different. They also found that 
the extreme wind conditions experienced by these planets lead to very strong Joule heating 
of the atmospheres, which likely contributes to the expansion and loss of the atmosphere. 

Interesting also is to consider the effects of CMEs which drive a large number of pro- 
cesses, and can even influence the lower atmospheres and climates of planets orbiting active 
stars. The effects of CMEs on HZ planets orbiting low mass stars was studied by [98] and 
[116] who argued that planets orbiting M dwarfs could by exposed to a continuous flux of 
CMEs which would compress their magnetospheres and drive a range of atmospheric loss 
processes. For such close HZs, CMEs often do not expand significantly before reaching the 
planet, which is also important for their influences on magnetospheres ([33]). Considering 
the case of the early Earth, [5] found that high-energy particles accelerated as a result of a 
large CME that propagate downwards through the atmosphere can significantly influence the 
chemical composition of the gas. The effect of a CME on loss processes in the exospheres 
of terrestrial planets was modelled by [106] who found stronger ionisation and pick-up of 
exospheric particles as CMEs pass the planet. Most importantly, these particles have suffi- 
cient energy to break the strong triple bonds of Nz molecules, and the resulting dissociation 
products can form molecules such as N2O, which is a strong greenhouse gas and might have 
influenced early Earth’s climate. 


6 Discussion 


In this review, I tried to cover many of the aspects of stellar winds and planets that I con- 
sider important for the long term evolution of atmospheres. Discussions of this topic often 
concentrate on the interactions between winds and magnetospheres and the ability of plane- 
tary magnetic fields to protect atmospheres from losses. This often ignores many important 
processes especially in planetary thermospheres where stellar X-ray and ultraviolet radiation 
causes heating and expansion. Factors such as the XUV spectrum of the star and the chemical 
composition of the atmosphere are potentially more important for determining atmosphere— 
wind interactions than the properties of the wind and the strength of the planet’s magnetic 
field. By cooling the upper atmosphere, chemical species such as carbon dioxide are very 
effective at protecting atmospheres from losses. It is also not clear what role planetary mag- 
netic fields play in determining losses since they both weaken some loss mechanisms while 
strengthening others. While most loss mechanisms are partly driven by winds, the net effect 
of winds is probably one of atmospheric protection by spinning stars down and cause their 
activity levels to decay over evolutionary timescales. A full description of these processes 
studied in the context of stellar activity evolution is needed to understand the influences of 
stellar winds on planetary atmospheres. 
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Abstract. We present a brief overview of the main effects by which a star will 
have an impact (positive or negative) on the surface habitability of planets in 
orbit around it. Specifically, we review how spectral, spatial and temporal vari- 
ations in the incident flux on a planet can alter the atmosphere and climate of 
a planet and thus its habitability. For illustrative purposes, we emphasize the 
differences between planets orbiting solar-type stars and late M-stars. The latter 
are of particular interest as they constitute the first sample of potentially habit- 
able exoplanets accessible for surface and atmospheric characterization in the 
coming years. 


1 Introduction 


From birth to death, the evolution of the nature of a planet (i.e. of its interior, surface and 
atmosphere) is intrinsically linked to that of its host star. Over time, as the nature of a planet 
evolves, its ability to offer all the necessary conditions for the emergence and development of 
life will thus evolve. 

Based on our experience on Earth, we can identify some necessary (and certainly not suf- 
ficient) conditions for life to emerge and develop such as the availability of elements to make 
complex organic molecules (the famous "CHNOPS": carbon, hydrogen, nitrogen, oxygen, 
phosphorus and sulfur). Liquid water is considered an irreplaceable solvent for habitability 
(see [20] and references therein) but while it is known to exist in the interior of a large variety 
of planetary bodies (Europa, Ganymede, Callisto, Titan, Pluto, Triton, etc.; see [49] and ref- 
erences therein), planets that have liquid water on their surface have additional qualities. In 
fact, a source of low-entropy energy to initiate the irreversible chemical reactions necessary 
to initiate proto-metabolisms may require the exposition of liquid water to stellar radiations 
([8, 57]). In the case of exoplanets, which will remain for a long time out of reach for in-situ 
exploration, identifying signs of life from interstellar distances (if possible) is likely to re- 
quire photosynthetic processes and therefore surface liquid water. Lithoautotrophic life able 
to thrive without stellar light may indeed be unable to modify a whole planetary environment 
in an observable way ([31, 62]). In summary, the remote search for habitable planets outside 
the solar system boils down to the search for planets capable of maintaining liquid water on 
their surfaces ([30, 36]). This is why we focus in this manuscript on the main effects by which 
a star will have an impact on the ability of its planets to maintain surface liquid water. 
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A first naive thing that comes to mind when thinking of the effects that a star may have 
on the habitability of its planets is the following thought experiment: what would happen to 
a planet without a star? Science fiction provides ideas of the situations in which this could 
happen. Although a planet around a black hole seems like an attractive configuration (see 
e.g., the Interstellar movie), black holes may lead to several warming mechanisms (e.g., by 
the blueshifting and beaming of incident radiation of the background stars on the planet ; 
see [64]) so that the system is not equivalent to a planet with no star. Better analogues are 
more likely rogue or free-floating planets, which are wandering planets without star. We now 
have direct evidence that such planets do exist by collecting the light directly emitted by the 
youngest, hottest and thus brightest of these objects ([7, 16, 18, 44, 48, 79]). Although these 
direct detections are limited so far to massive planets (several times the mass of Jupiter), 
we know these rogue planets exist in the terrestrial-mass regime too thanks to micro-lensing 
surveys ([55, 70]). The most likely formation scenario for these low-mass planets is that 
they have been ejected from their initial planetary system (see [38, 41, 50] and references 
therein). Rogue planets can maintain a subsurface ocean by the insulation of their internal 
heat flux by a thick layer of, for example, ice ([1]). They can even keep a surface temperature 
above 273 K under a dense enough H3 atmosphere ([65, 68]) thanks to the opacity induced by 
H2-H; collisions ([10, 58, 60]). However, in the absence of stellar irradiation and given the 
challenge of sounding their atmosphere, the habitability of these objects is likely to remain an 
academic case for some time, unless there is a close encounter with the solar system ([1]). In 
short, having a star seems to be a necessary ingredient for a planet to be potentially habitable 
in a detectable way. 


Therefore, we present below a brief overview of the dominant effects by which a star will 
have an impact on the habitability of planets in orbit around it. A more general list of all the 
effects that can affect the habitability of planets is provided in [66] and [53] but the main influ- 
ence comes from the type of the host star, which strongly impacts both the possible lifespan 
of habitable conditions and our ability to remotely probe planetary environments. Stars more 
massive than 2.5 M, live less than 1 Gigayear (Ga) and during this short life their luminosity 
increases dramatically offering conditions compatible for life on their planets for a fraction 
of this lifetime only. In addition, these massive stars are rare (less than 1 % of the galactic 
stellar population) and therefore distant while the detection and characterization of exoplan- 
ets around these bright stars is very challenging with our current observation techniques. At 
the other end of the stellar population, M stars represent ~ 75 % of the all stars, live tens to 
hundreds of Ga with a very stable luminosity (except for their earliest stage, which we will 
discuss below). Temperate terrestrial planets are frequent around these red-dwarfs and their 
characterization works far better with today’s instruments. Therefore, along with Sun-like 
stars, they constitute a potential key population for habitable planets host-stars. To illustrate 
the ways in which a star may influence the habitability of its planets, we compare throughout 
the manuscript how the habitability of a planet varies — everything else being kept fixed — 
depending on whether it is orbiting a sun-like star or a late M-star. For the latter, we chose 
to use our closest neighbour, the star Proxima Centauri, as the archetype of a late M star 
(M5.5V, Te = 3090K) ; firstly because the star has been extremely well documented (see 
[61] and references therein) ; secondly because with the detection of a terrestrial-mass planet 
in temperate orbit ([2, 15, 34, 69]), it presents one of the most promising systems for our 
quest to find a habitable planet outside the solar system ([12, 43, 46, 73]). 

The manuscript is organized as follows. Firstly, we review in Section 2 how the spatial 
and spectral distribution of the incident bolometric (mostly visible and near-infrared) flux 
affects the habitability of planets. Secondly, we discuss in Section 3 the influence of the far 
and mid-UV incident flux on the photochemistry, which can further affect the atmospheric 
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composition and thus the habitability of planets. Thirdly, we present in Section 4 how the X 
and EUV incident radiation can affect atmospheric escape, which can not only affect atmo- 
spheric composition but also endanger the very existence of an atmosphere around planets, 
which has severe consequences for their habitability. Fourthly, we show in Section 5 how the 
temporal evolution of the bolometric emission of a star (as well as its most energetic part, e.g. 
the XUV emission) impacts the habitability of planets around it. 


2 Influence of the bolometric emission distribution on the climate 


In this section, we briefly review how the climate and thus the habitability of a planet can 
be directly affected by the spectral type of its host star. The first naive effect is that the 
spectral type of the star changes its luminosity (for example, the luminosity of Proxima Cen 
is 0.15% that of the Sun) and thus the incident bolometric flux received by a planet at a 
fixed distance from the star. However, for a fixed amount of incident bolometric radiation 
received by the planet, the way in which stellar bolometric emission is distributed spectrally 
and spatially directly affects the way in which the surface, atmosphere and clouds absorb and 
reflect incident light, which changes the planet’s surface temperature and thus the conditions 
of habitability. 

The main factor in the spectral distribution of the incident bolometric flux on a planet is 
the effective temperature of the host star. According to Wien’s law, the cooler the star, the 
more the bolometric emission is shifted to long wavelengths. As a matter of fact, while 
the peak of the Sun’s emission (Teg = 5780K) is ~ 0.47 um, that of Proxima Centauri 
(Te = 3090K) is ~ 1.1 um (see Fig 93a). Note that due to the spectral shape of the Planck’s 
law, the median of the stellar emission is shifted to higher wavelengths (compared to the 
peak). Median of solar emission is ~ 0.73 um while that of Proxima Centauri is ~ 1.4 um 
(see Fig 93b). 

This has important consequences on a planet, because the surface, the atmosphere and 
the clouds absorb and/or scatter light differently at different wavelengths. Firstly, spectral 
variations of the surface albedo can have severe consequences on the stability of liquid water 
at a planetary surface. Ice and snow albedo are high at short wavelengths, and low at long 
wavelengths (see Fig 93c). As a result, ice and snow are much more reflective around a 
sun-like star than around a low-mass star, indicating that planets orbiting solar-type stars 
are more prone to glaciation (e.g., to be trapped in a snowball state) than planets orbiting 
low-mass stars ([29, 67, 74]). More generally, spectral variations in surface albedo, which 
have now been documented for many types of surface ([25]), can have a significant effect 
on a planet’s climate ([51]). Secondly, Rayleigh scattering by the atmospheric gases can 
efficiently back-scatter (i.e. reflect back to space) incident stellar light, as illustrated by [32] 
for N2-dominated atmospheres, or by [36] for CO2-dominated atmospheres. Given that the 
Rayleigh scattering efficiency is œ A~* (see Fig 93d), the reflection of incoming stellar light 
by this process is much more efficient around a solar-type star than a low-mass star. Thirdly, 
direct absorption of incident stellar radiation by gases can vary greatly depending on the 
type of star. Most common gases lack strong absorption features in the optical wavelengths 
([24]). This is illustrated in Fig 93e for H2O absorption bands that absorb preferentially 
in the Proxima Cen emission wavelengths than those of the Sun. By combining the three 
ingredients mentioned above, we can conclude that — for a given incident flux — low-mass 
stars warm habitable planets more efficiently than sun-like stars do. This explains why the 
boundaries of the Habitable Zone are shifted towards lower incident stellar fluxes for low- 
mass stars (see e.g., Fig 8 in [36]). 

Clouds may also have different properties whether they are exposed to a solar-like or 
a low-mass star incident radiation. This is illustrated in Figs. 94c, d and e which show the 
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Figure 93: First panel: Incident flux spectra (at the top of the atmosphere) on a planet receiv- 
ing a total of 1362 W m~? (i.e. the solar constant on Earth ; note that the average flux received 
on the planet is four times lower, i.e. 340.5 W m7”). The black curve is based on solar spectra 
reconstructed from [54] for À < 3um and from [39] for À > 3um. The red curve is based 
on Proxima Centauri spectra reconstructed from [61]. Second panel: Cumulative incident 
flux spectra. Third panel: Albedo spectra for snow and water ice from [29]. Fourth panel: 
Rayleigh scattering cross-section spectrum (in arbitrary units). Fifth panel: Water vapor ab- 
sorption spectrum, calculated at 200 K, 1 bar, and 0.1% of water vapor. 


spectra of the key microphysical properties (extinction efficiency, single scattering albedo and 
asymmetry factor) of water ice clouds for several particle radii ([21]). Whether the presence 
of a particular type of ice particle or liquid water droplet serves to increase or decrease plan- 
etary albedo depends on the interplay among extinction efficiency, single scattering albedo 
and asymmetry factor ([21]). Clouds made of small particles (e.g., 0.1 um) are very reflective 
(asymmetry factor close to 0, single scattering albedo close to 1) for a wide range of stellar 
types. While clouds made of larger particles (e.g., 1 um and larger) are still highly reflective, 
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Figure 94: First panel: Incident flux spectra as in Fig. 93, panel 1. Second panel: Cumulative 
incident flux spectra as in Fig. 93, panel 2. Third panel: Water ice cloud extinction efficiencies 
for 4 spherical particle sizes (radius of 0.1, 1, 10 and 100um). Fourth panel: Water ice clouds 
single scattering albedos (i.e., the ratio of scattering efficiency to total extinction efficiency ; 
single-scattering albedo is equal to 1 if all is due to scattering, and equal to 0 of if all particle 
extinction is due to absorption). Fifth panel: Water ice clouds asymmetry factors (i.e., the 
mean cosine of the scattering angle ; the asymmetry factor is 0 for isotropic radiation and 
ranges from -1 [negative values mean backward scattering is predominant] to 1 [positive 
values mean forward scattering is predominant].) 


they can absorb an appreciable fraction of the incident flux near 1.5, 2 and 2.9um, which 
favors warming for planets around low-mass stars. However, overall, it has been shown that 
the differences between the different types of stars should be relatively small ([351). 

The main effect by which clouds may affect the climates of habitable planets differently 


depending on the type of host star is actually related to their spatial distribution. It has indeed 
been shown that planets orbiting in temperate orbits around low mass stars are prone to be 
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Figure 95: First panel: Zonal annual mean average of the incident flux on an asynchronously- 
rotating planet receiving a total of 1362 W m~? (i.e. the solar constant on Earth), for four 
distinct obliquities (0, 23.5, 50, 90°). Second panel: Incident flux on a synchronously-rotating 
planet (also receiving a total of 1362 W m7) versus substellar longitude. The zonal fluxes 
were calculated using equation 1 of [56]. 


locked in a state of synchronous rotation ([6, 17, 30]), for which one planet hemisphere is 
permanently facing its host star. This has severe consequences for the distribution of the 
insolation at the TOA (top of atmosphere) or surface of a planet, as illustrated in Fig. 95. 
While the solar flux is on average relatively evenly distributed on a fast-rotating planet (in 
particular at large obliquities ; see Fig. 95a), the stellar flux received on a synchronously- 
rotating planet is highly concentrated on one side of the planet (see Fig. 95b). It has been 
shown that on a planet covered with liquid water, this concentration of stellar flux leads to 
strong moist convection concentrated in the substellar region, which leads to the formation of 
a thick layer of reflecting clouds ([19, 37, 76, 77]). These clouds, because of their stabilizing 
effect (higher temperature means stronger convection, which means more clouds are formed, 
which means incoming stellar radiation is reflected more efficiently, which cools the planet), 
have a first-order effect on the climate and habitability of synchronously-rotating planets 
([37, 76]), and thus on a significant fraction of planets orbiting low mass stars ([42]). 


3 Influence of the UV emission on the photochemistry 


The stellar Hydrogen Lyman-a (at 121.6 nm), far-ultraviolet (~ 122-200 nm) and mid- 
ultraviolet (~ 200-300 nm) spectral emissions are the main drivers of planetary photochem- 
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istry. UV (~ 100-300 nm) photons can in fact photolize (i.e. break) atmospheric molecules, 
forming radicals capable of generating multiple, complex chemical reactions. These photo- 
chemical reactions can deeply affect the atmospheric composition of a planet in a way that 
depends on initial composition and the total amount and spectral distribution of the UV stellar 
emission ([78]). Eventually, the photochemically-driven destruction or buildup of greenhouse 
gases in the atmosphere will affect planetary surface temperature and thus the surface habit- 
ability of the planet. 

Each molecule has an UV absorption cross-section (see Fig. 96c) that, combined with the 
quantum yield (i.e. the probability that an absorbed photon actually breaks the molecule) and 
the UV incident spectral flux (Fig. 96a), gives the photolysis rate of the molecule. Depending 
on the spectral type of the host star, the photolysis rate of atmospheric molecules may — 
everything else being kept fixed — significantly vary. For illustration, the flux received by 
a planet (given a fixed bolometric incident flux) around a low-mass star is 2-3 orders of 
magnitude lower than that of a planet around a solar-type star in the main spectral region 
for ozone photodissociation (Hartley band ; near ~ 250 nm), a clue that oxygen and ozone 
chemistry must operate in a very different way around these two stars. More generally, the 
flux dichotomy near ~ 150 nm (relative to its total bolometric luminosity, a M-star emit more 
photons below 150nm, and much less photons above 150nm) should have strong impact on 
the photochemistry of planetary atmospheres ([3, 52]). 

Although in most atmospheres the impact of photochemistry is primarily to modify the 
relative abundances of minor species ([3, 52, 63]), there are some situations where photo- 
chemistry can entirely change the composition of an atmosphere ([23, 26, 45, 47]). 

Finally, photochemistry can also lead to the formation of long carbonated chains sus- 
pended in the atmosphere, namely hazes. These radiatively active photochemical hazes can 
deeply affect the climate, either directly by absorbing and reflecting incoming stellar radia- 
tion in particular through Mie scattering, often resulting in surface cooling, or either indirectly 
through feedbacks on photochemistry e.g. by shielding molecules from incident UV radiation 


(LD. 


4 Influence of the X-EUV emission on atmospheric loss 


X (< 10 nm) and Extreme-UV (~ 10-100 nm) stellar emissions, also referred together as 
XUV, should play a fundamental role in atmospheric escape ([13, 40, 71]). XUV radiation 
heats the planetary thermosphere up to the exobase, which corresponds to the boundary where 
the atmosphere transitions from a collisional to a collisionless region. Hydrogen atoms are 
light enough to be lost to space when reaching the exobase even for a low XUV heating, like 
that of the Earth. The erosion of the water reservoir through this process is thus not controlled 
by the XUV flux but by the upward transport and photolysis of H20. Thanks to the cold trap of 
the tropopause that results in a H2O-poor stratosphere, the erosion of Earth’s water reservoir 
is negligible. When the XUV flux is sufficiently high, models predict that the heating powers 
an hydrodynamic expansion of the atmosphere, which is lost through a planetary wind ([28]). 
Even if hydrogen is the only species likely to be lost hydrodynamically with realistic XUV 
fluxes, other heavier species (e.g., oxygen) can also be accelerated through collisions and 
then be lost to space ([27]). In this hydrodynamical regime, the loss rate is controlled by the 
intensity of the XUV flux (as well as the availability of hydrogen atoms). 

XUV incident flux on a planet can strongly vary depending on the type of host star, e.g. 
between 2-5 orders of magnitude depending on the exact wavelength between solar-type and 
low-mass stars (see Fig. 96a ; for a fixed bolometric incident flux), and depending also on the 
level of activity of the low-mass star. The total XUV flux of Proxima Cen is ~ 200 times 
higher than that of the Sun (see Fig. 96b), relatively to their total bolometric emission. This 
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Figure 96: First panel: Incident flux spectra (at the top of the atmosphere) on a planet receiv- 
ing a total of 1362 W m7? (i.e. the solar constant on Earth). The black curve is based on solar 
spectra reconstructed from [54] for À < 3um and from [39] for À > 3um. The red curve 
is based on Proxima Centauri spectra reconstructed from [61]. Second panel: Cumulative 
incident flux spectra.Third panel: UV cross-sections for common atmospheric species (H20, 
No, CO2, O2, O3, CH) in terrestrial planetary atmospheres. The cross-sections were taken 
from [33]. 


means that the atmospheric escape rate can be significantly higher for planets around late 
M-stars than for Sun-like stars. 

Most of stellar-driven atmospheric escape processes including XUV-driven escape (but 
also driven by the stellar wind drag or the photochemical escape) are also expected to be 
stronger around low-mass stars than solar-type stars (again, for a given total bolometric flux). 

This is important information, given atmospheric escape can change the chemical com- 
position or remove most of all of a planetary atmosphere. In the future, this threat against 
habitability around active late stars will have to be assessed with both observations/statistics 
of planetary atmospheres in various XUV/particle irradiation contexts and with robust mod- 
eling of the escape processes. The latter will require significant progress in order to treat in 
3-D the transition between the fluid expanding atmosphere and the diluted particle regime 
where kinetic and electromagnetic interactions occurs far from LTE. 


5 Influence of the temporal evolution of the stellar emissions 


From birth to death, stars evolve in luminosity. They start their life with a super-luminous 
pre-main sequence phase during which they cool by radiating their initial accretion energy, 
then evolve on the main sequence during which their luminosity gradually increases as they 
fuse hydrogen into helium ([4, 5, 14]) and until they finally die. The duration of each of these 
two phases (pre-main sequence and main sequence), as well as the evolution of luminosity 
across them, has major consequences on the climate and habitability of the planets. 
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Firstly, the duration of the main sequence phase, which is all the longer the smaller the 
star, plays a key role in the stability of habitability conditions over time. While the duration 
of the main sequence of the Sun is a few billion years (but can be much shorter for higher 
mass stars), that of very low mass stars is expected to be much longer than the age of the 
Universe. 


Secondly, while the pre-main sequence phase duration of solar-type stars is very short 
(~ 10 million years), that of very low mass stars can last for several hundreds of million 
years. During this phase, planets are exposed to a much larger incident flux, up to 10 x higher 
for planets around Proxima Cen (Fig. 97a). Planets that receive today the right incident flux 
to maintain surface liquid water were likely so hot (in the pre-main sequence phase of their 
host star) that they experienced a runaway greenhouse ([59]), with a thick steam atmosphere 
(assuming they formed with significant amounts of water) but no surface liquid water. 


This is particularly critical for the habitability of planets around such stars, because wa- 
ter in the form of vapor is exposed to strong loss to space ([9, 11, 27, 47, 75]). Pre-main 
sequence phase can in fact potentially lead to complete water loss on a planet, depending 
on the initial reservoir. This is even more critical knowing that XUV heating, i.e. the main 
process by which the planet is likely to lose its atmosphere and its water, is also much more 
efficient during the pre-main sequence phase. This stems from the fact that the XUV radiation 
decreases even more rapidly than bolometric radiation during the pre-main-sequence phase 
(see Fig. 97b). Note that while the XUV flux emitted by a solar-like star may also have been 
very high in the past (at least for the fast rotator population ; see [72]), the cumulative XUV 
radiation (see Fig. 97c) is in general significantly larger around low-mass stars than sun-like 
stars. Combined with the long pre-main-sequence phase during which the planets are more 
irradiated than the runaway greenhouse threshold, and therefore during which water is ex- 
posed to atmospheric escape, this indicates that water loss is potentially much stronger on 
planets around late M-stars than around sun-like stars, which can have serious consequences 
for their habitability. 


6 Conclusions 


We briefly reviewed the main effects by which a star can have an impact on the habitability 
of planets in orbit around it. Firstly, spectral and spatial variations of the bolometric (i.e. 
visible and near-infrared) stellar emission can affect the way a planet’s surface, atmosphere 
and clouds will absorb or reflect incident light. These changes can affect the climate of a 
planet (especially the surface temperature) which can thus impact its habitability. Secondly, 
variations in UV (far and mid-UV) incident fluxes on a planet can drive different photochem- 
istry. This can potentially cause significant changes in the atmospheric composition, and thus 
the radiation balance of a planet, which can again strongly impact its habitability. Thirdly, 
cumulative variations in XUV (X and extreme-UV) incident fluxes on a planet can lead to 
various degrees of atmospheric erosion, potentially leading to dramatic effects (e.g. through 
the partial or complete loss of the atmosphere and the water) on the habitability. 


Taking into account at the same time all the effects by which a star interacts with its 
planets in the same model, to simulate in a coherent way the evolution of the atmosphere and 
the habitability of the planets around any type of star, is one of the great challenges of the 
field. This ambitious scientific objective requires, among other things, a precise knowledge of 
the spectral properties (from infrared to XUV radiation) of the star at the time it is observed, 
but also of how these properties have evolved over time. 
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Figure 97: First panel: Temporal evolution of the incident flux (at the top of the atmosphere) 
on a planet receiving a total of 1362 W m~? (i.e. the solar constant on Earth). The black curve 
is based on the solar evolution model of [5]. The red curve is based on the Proxima Centauri 
evolution model of [61]. Second panel: Temporal evolution of the XUV (10-120 nm) incident 
flux (at the top of the atmosphere) on a planet receiving a total of 1362 W m7 (i.e. the solar 
constant on Earth). The black curves are based on the XUV emission solar models of [72] 
(based on [22]) for slow (lower curve) and fast (upper curve) rotator scenarios. The red curves 
are based on the two evolutionary scenarios of [61]: (1) Proxima Cen has spent its entire 
lifetime in the XUV emission saturation regime (lower curve); (2) Proxima Cen was in the 
saturation regime only for the first ~1.6 Gigayear of evolution (now aged of ~ 4.8 Gigayear). 
Third panel: Cumulative XUV incident flux starting 10 million years after the star formation, 
which is around the time the planets are expected to have formed. 
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